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RÉSUMÉ 
 
Le graphène, un matériau bidimensionnel constitué d'une monocouche d’atomes de carbone, a 
attiré l’attention des scientifiques et des technologues pour ses propriétés mécaniques, électriques 
et optoélectroniques remarquables. L'utilisation du graphène dans des applications pratiques 
nécessite toutefois le développement de méthodes de synthèse fiables et rentables pouvant 
produire de larges films de graphène avec une faible densité de défauts et une morphologie bien 
contrôlée. Une des méthodes les plus significatives est la croissance catalytique de graphène par 
dépôt chimique en phase vapeur (CVD) sur substrats métalliques. La croissance à haute 
température (850-1100°C) à partir d’un mélange d’hydrocarbures et d’hydrogène permet de 
produire de larges feuillets de graphène polycristallin et d’excellente qualité. Cette voie de 
synthèse est prometteuse car elle ouvre la voie à une production de graphène à grande échelle et 
une commercialisation massive de produits à base de graphène. 
 
Cette thèse porte sur la synthèse du graphène sur des feuillets de cuivre polycristallin par la voie 
CVD à basse pression (LP-CVD) avec du méthane comme source de carbone et de l’hydrogène 
pour assurer un environnement réducteur. Plus précisément, elle porte sur la détermination du 
rôle de l'hydrogène et des impuretés oxydantes pendant la formation de graphène. Le but ultime 
de la thèse est d’élaborer les bases fondamentales pouvant mener à un procédé de croissance 
commercialement viable et reproductible de graphène de haute qualité pour d’éventuels procédés 
de fabrication industriels. 
 
La première partie de la thèse traite du rôle de l'hydrogène moléculaire dans la croissance CVD 
de graphène. À partir d’expériences de recuits, certaines études ont affirmé que l’hydrogène 
moléculaire vient graver le graphène sur cuivre. Nous avons vérifié que cette gravure du 
graphène vienne plutôt de la présence de traces d'oxygène dans l'atmosphère du four ou dans la 
bombonne d’hydrogène. Pour cela, nous avons adopté une approche basée sur des expériences de 
recuits systématiques de graphène sur des feuilles de cuivre en présence d'hydrogène de 
différentes puretés. Le résultat le plus étonnant est la suppression de la gravure en présence 
d’hydrogène de ultra-haute pureté (UHP) à 825°C et 500 mTorr purifié avec un filtre commercial 
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pouvant éliminer l’oxygène. En contrepartie, l’exposition dans les même conditions de films de 
graphène à l'hydrogène UHP non-purifié ont généré une gravure du graphène. Cette réaction 
parasite a donc été associée non pas à l’hydrogène mais plutôt aux impuretés oxydantes présentes 
dans l’hydrogène UHP. Nous avons également déterminé que la gravure de graphène par les 
impuretés est catalysée par la surface de cuivre. 
 
À la lumière de ces résultats, nous avons étudié plus systématiquement le rôle potentiel de 
l'hydrogène dans le procédé LP-CVD du graphène pendant la croissance et lors du 
refroidissement du réacteur. L’apport d’un mélange CH4/H2 pendant le refroidissement a été 
nécessaire afin d’éviter la gravure, ce qui est cohérent avec une compétition réactive des espèces 
pendant la croissance. Après la formation de graphène et en absence de méthane, le film de 
graphène est protégé de l'effet oxydant de l'oxygène résiduel pendant le refroidissement par une 
simple exposition à l’hydrogène UHP purifié. 
 
Lorsque le niveau d'impuretés oxydantes est faible, des films continues et uniformes de graphène 
ont été obtenus en utilisant du méthane purifié (O2 <1ppbV). En absence d’hydrogène, celui-ci 
joue un double rôle; d’abord un réducteur de l’oxyde de cuivre en surface pour former du cuivre 
métallique et ensuite d’une source de carbone pour la croissance. Ce résultat montre que la 
présence d'hydrogène n'est pas essentielle à la croissance de graphène lorsque l’atmosphère du 
réacteur est bien contrôlée. Différences morphologiques de graphène dans des conditions de 
purification contrôlée, c.-à-d. lorsque le niveau d'impuretés d'oxydantes est faible par rapport aux 
conditions standards, ont également été observées. Une couverture plus étendue et sous forme 
d’îlots de bi- et de multi-couches de graphène a été observée en présence uniquement de méthane 
purifié. La morphologie de ces îlots montre la présence d’une croissance non-commensurée (ou 
« twisted ») des couches subséquentes. Ces résultats suggèrent un comportement différent lors de 
croissance de graphène dans des conditions de purification contrôlées. 
 
Après avoir déterminé le rôle de l'hydrogène et des impuretés oxydantes dans la synthèse de 
graphène par LP-CVD sur cuivre, la thèse aborde ensuite la problématique de la vitesse de 
croissance d’une monocouche continue. Les résultats en conditions contrôlées montrent une 
accélération importante de la cinétique de croissance du graphène sur cuivre. Avec cette 
vii 
 
 
 
méthode, nous avons réduit le temps de croissance d’une couche complète à moins d’une minute, 
ce qui est entre 5 et 45 fois plus rapide par rapport aux recettes actuelles de la littérature. Cette 
accélération est attribuée à l’effet synergique de la diminution des résidus d’impuretés oxydantes 
grâce aux purificateurs de gaz et du rôle protecteur de l'hydrogène UHP purifié pendant la 
croissance et l'étape de refroidissement. Il est à noter que l'installation de purificateurs de gaz sur 
les lignes d’alimentation est entièrement compatible avec les procédés de fabrication industriels, 
car elle permet de réduire le coût de production de graphène en réduisant le temps de croissance 
et donc l’énergie nécessaire au procédé. Des mesures de spectroscopie Raman et de microscopie 
électronique à balayage ont permis de conclure que la qualité cristalline et l'uniformité des films 
de graphène demeurent inchangées, même pour ces conditions de croissance accélérées. 
 
Enfin, en rassemblant tous les résultats obtenus dans cette thèse, nous remarquons que la 
croissance de multicouche de graphène est obtenue principalement dans des conditions de 
purification élevée et surtout par la présence d’un flux de méthane pendant le refroidissement. 
Sur la base de ces observations, une partie importante de bi- et de multi-couches semble se 
former pendant la phase de refroidissement plutôt que pendant la croissance. Bien qu’encore 
préliminaires, ces résultats surprenant pointent vers une hypothèse nouvelle que l'étape de 
refroidissement dans la formation de bi- et  multicouche de graphène est à l’origine de la 
croissance multicouches. 
L’ensemble des résultats de la thèse démontre que les impuretés oxydantes jouent un rôle 
important dans la croissance LP-CVD du graphène et explique les incohérences entre les recettes 
de croissance rapportées dans la littérature. Il montre également qu’il est nécessaire pendant la 
croissance de graphène de contrôler l'équilibre des pressions partielles venant des impuretés 
oxydantes avec de l'hydrogène. Finalement, cette thèse suggère une méthode générale qui permet 
d'améliorer l'uniformité et l’épaisseur de film de graphène sur des substrats de cuivre 
polycristallins. 
 
. 
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ABSTRACT 
 
Graphene, the single-atom layer of carbon, has attracted scientists and technologists due to its 
outstanding physical and opto/electronic properties. The use of graphene in practical applications 
requires a reliable and cost-effective method to produce large area graphene films with low 
defects and controlled thicknesses. Direct growth of graphene using chemical vapor deposition 
(CVD) on copper, in which carbonaceous gaseous species react with the metal substrate in the 
presence of hydrogen at high temperatures (850-1100° C), led to high coverage of high quality 
graphene, opening up a promising future for methods of this type and a large step towards 
commercial realization of graphene products.  
The present thesis deals with the synthesis of graphene via low pressure CVD (LP-CVD) on 
copper catalyst using methane as the carbon precursor. The focus is mainly on the determination 
of the role of hydrogen and oxidizing impurities during graphene formation with an ultimate 
purpose: to elucidate a viable and reproducible method for the production of high quality 
graphene films compatible with industrial manufacturing processes. 
The role of molecular hydrogen in graphene CVD is explored in the first part of the thesis. Few 
studies claimed that molecular hydrogen etches graphene films on copper by conducting 
annealing experiments. On the other hand, we speculated that this graphene etching reaction is 
due to the presence of trace amount of oxygen in the furnace atmosphere. Thus, we took another 
approach and designed systematic annealing experiments to investigate the role of hydrogen in 
the etching reaction of graphene on copper foils. No evidence of graphene etching on copper was 
observed when purified ultra high purity (UHP) hydrogen was used at 825 °C and 500 mTorr. 
Nevertheless, graphene films exposed to the unpurified UHP hydrogen were etched due to the 
presence of oxidizing impurities. Our results show that hydrogen is not responsible for graphene 
etching reaction and oxygen impurities are the main cause of this etching reaction. We have also 
determined that graphene etching reaction is catalyzed by the copper surface.  
Next, we systematically investigated the role that hydrogen plays during the growth and 
coolingdown stage of LP-CVD of graphene on copper. We show that a flow of CH4/H2 is 
necessary during cooling for preventing graphene etching likely by the means of a competitive 
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action with carbon growth. After graphene formation, the film can be preserved from detrimental 
effect of oxygen in the absence of methane by its exposure to purified ultra high purity (UHP) 
hydrogen flow during cooling.  
In conditions where the level of oxidizing impurities is low, we have obtained continuous and 
uniform graphene films using solely purified methane (O2<1ppbV) serving a double role as a 
copper oxide reducer and carbon supply for the growth in the absence of hydrogen gas. This 
result shows that the presence of hydrogen is not necessary for graphene growth in a controlled 
atmosphere. Differences in graphene film morphology in purified conditions, where the level of 
oxidizing impurities is low (O2<1ppb) compare to standard conditions (O2<1ppm), have also 
been observed. A larger bilayer and multilayer coverage was noticed when only purified methane 
was used. These bi- and multi-layer graphene islands appeared to be twisted with respect to the 
first graphene layer. These overall results suggest a different graphene growth behavior in 
purified and controlled conditions.  
Having investigated and understood the role of hydrogen and oxidizing impurities in LP-CVD of 
graphene on copper, we show a rapid and efficient growth of continuous monolayer graphene on 
copper within 1 min. This was achieved by minimizing the presence of oxidizing impurities with 
using gas purifiers installed on the gas lines and maintaining a flow of purified UHP hydrogen 
during the cooling down stage. With this method, we have reduced the graphene growth process 
time between 5 to 45 times compared to the current recipes in literature. Note that the installation 
of gas purifiers is entirely compatible with industrial manufacturing processes and is extremely 
profitable since it can lower graphene production cost by reducing process time and saving 
energy. Moreover, the crystalline quality and uniformity of the graphene films, determined by 
Raman spectroscopy and Scanning Electron Microscopy, stayed similar even at this short growth 
time. 
Lastly, by gathering all the results during the evolution of this thesis, we notice that graphene 
multilayer growth is mainly occurring in highly purified conditions and most importantly when a 
flow of methane gas is present during the cool down stage. Based on these observations, a 
significant number of bi/multi layer formation can potentially arise when graphene is completed 
in the cooling stage. These results, although preliminary, point toward the influence of the 
cooling stage on graphene bi/multi layer formation.  
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The collection of our results presented in this thesis show that oxidizing impurities play a 
significant role in graphene LP-CVD and explain inconsistencies between growth recipes 
reported in the literature. They also provide a rational about the need to control the balance 
between oxygen and hydrogen pressures, for graphene growth pointing toward a general method 
for improving graphene layer thickness and uniformity on polycrystalline copper substrates. 
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CHAPTER 1  INTRODUCTION 
1.1  The rise of graphene 
Current technological developments in electronics result in miniaturization of devices which lead 
to denser, faster, and more power efficient circuits [1, 2]. During the past four decades, 
semiconductor industry has been able to improve the performance of electronic systems by 
making smaller devices. These advancements cannot continue everlastingly and will certainly 
encounter fundamental physical and technological limitations. The realization of the approaching 
limits has aroused a worldwide interest to develop alternative device technologies with new 
materials [1-4]. In the last two decades we have witnessed a remarkable shift of the 
dimensionality pattern in material science and technology. The rise of one dimensional carbon 
nanotubes (CNTs) opened new possibilities in nanotechnology that were not conceived in the 
past. An electrical conductivity as high as copper and thermal conductivity as great as diamond 
make them a perfect candidate for nanoelectronics [5, 6]. Their mechanical strength being 100 
times more than steel while one sixth of the weight make them ideal for light structural materials. 
However, the constraints in processing, scaling up, and assembly methods remain a hurdle for 
many applications [5]. Next, graphene, a single atomic layer of sp
2
-bonded carbon atoms packed 
to a two-dimensional honeycomb lattice, has attracted interest since its discovery in 2004 [7]. Its 
2D structure and ease of lab scale processing favored fundamental research and opened an 
avenue to explore two-dimensional materials [7]. Graphene is endowed with many unique 
properties such as high carrier mobility at room temperature (~200000 cm
2
V
-1
s
-1
) [8, 9], 
phenomenal optical transparency (~97.7%) [10], high tensile strength (Young's modulus of 
~1TPa) [11], and excellent thermal conductivity (3000-5000 Wm
-1
K
-1
) [4, 12, 13].  
Most studies investigating the fundamental properties of graphene have been performed using 
mechanically exfoliated graphene, known as scotch tape technique, from highly oriented 
pyrolytic graphite (HOPG) [1, 14]. Clean single sheets of graphene are produced using this 
method, which are suitable as a test-bed for fundamental research and exploration. Nonetheless, 
with exfoliation techniques micrometer- and sub-micrometer-sized graphene films are obtained 
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at random locations on the substrate making this method incompatible with industrial 
manufacturing processes due to the lack of reproducibility and scalability [1, 4, 15].  
As mentioned above, graphene's exceptional electrical, optical, and mechanical properties make 
it a promising material for many technological applications such as flexible transparent 
electrodes [16, 17], high-frequency (GHz) transistors [18, 19], ultracapacitors [20], battery 
electrodes [21, 22], and composite materials [12, 23]. Since all of these applications require large 
area graphene produced via scalable techniques, finding alternative methods other than 
mechanical exfoliation becomes a topic of crucial importance. One possible approach is a top-
down technique based on the chemical exfoliation of graphite or chemically reduced graphene 
oxide by sonication and intercalation in order to produce large quantities of graphene sheets [24]. 
However, the resulting layer is an ensemble of graphitic material containing residual oxygen that 
is far from having the high quality of the graphene monolayer produced using the scotch tape 
technique [12, 25]. The other alternative is the bottom-up epitaxial growth method, which results 
in high quality continuous but polycrystalline single layer graphene films [4, 12].  
Early work on graphene synthesis focused on heating a silicon carbide (SiC) single crystal in 
high vacuum in order to remove the Si atoms from the crystalline surface and form a high quality 
graphene layer [26]. Although one of the fastest GHz circuits have been produced by this method 
[27], its commercial use seems unlikely. Silicon carbide substrate is very expensive and the 
heating process requires extremely high temperatures (i.e:1500° C), making it incompatible with 
manufacturing processes. The fact that the graphene layer grown on SiC cannot be transferred to 
other substrates is another drawback for this method [28, 29]. Later on chemical vapor deposition 
(CVD) of graphene on metal substrates became the most viable technique for producing large 
area graphene due to its scalability and compatibility with manufacturing processes [28, 30]. 
Up to now, graphene has been synthesized on polycrystalline Fe [31], Au [32], Ni [33], Cu [34] 
and on single crystals such as Ru (0001) [35], Ir (111) [36], Pt (111) [37] , Pd (111) [38], and Cu 
(111) [39]. The graphene growth mechanism on most of these metals (Ni, Ru, Ir, and etc.) is 
mainly precipitation-based since they can dissolve a large amount of carbon in bulk although 
some additional contributions from decomposition of the precursors on the metal surface 
attribute to the growth [28, 40]. During cool-down the carbon from the bulk precipitates at the 
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surface and forms graphitic layers. Controlling the number of layers at this stage is proven to be 
challenging [28, 40]. Moreover, some of the metals mentioned earlier are quite expensive since 
they are single crystals and high purity [40].  
Copper reasonable price and low carbon solubility make it the best substrate for CVD graphene 
[28]. Currently, copper-based CVD is by far the most feasible production route for large-scale 
manufacturing of graphene films. Graphene sheets produced by this method present comparable 
quality to individual mechanically exfoliated graphite and they can be scaled up to hundreds of 
meters square by emerging roll-to-roll processes [41-43]. 
The most popular route for graphene growth was reported in 2009 by Li et al.[30]. They used 
methane as the carbon precursor and hydrogen as the reducing agent and carrier gas. Copper is 
exposed to a relatively low pressure of hydrogen and methane at high temperatures below its 
melting point and the graphene films are formed after 5-45 min depending on the recipe used 
[30]. Later on the method appeared as the most probable pathway for graphene 
commercialization followed by a large number of publications investigating wide gamut of 
graphene synthesis conditions.  
The launch of this project coincided with the first report of the role of hydrogen in graphene 
CVD on copper. The conclusion drawn by those experimental observations led to defining 
molecular hydrogen as an etchant in the growth and post growth process shifting the attention of 
the graphene growth community towards controlling the amount or flowrate of hydrogen and its 
balance with methane during the graphene CVD. In the course of preparation of this thesis, 
initial studies on the understanding of the fundamental mechanisms that governs the kinetics of 
CVD growth of graphene considering hydrogen as etchant have been published and numerous 
graphene CVD recipes have been reported. While these efforts pointed toward finalizing the role 
of hydrogen in graphene CVD process, we on the other hand revisited this important conclusion, 
using a simple back of the envelope calculations, and determined that the partial pressure of the 
contaminants is comparable to the standard base pressure of the low pressure CVD chamber. 
That led us to postulate that these levels of oxidizing impurities can play a role not only in the 
growth process but also during cooling and their impact can no longer be ignored. Thus, we have 
opened a new chapter in this research field and shed light on the important processes involving 
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background impurities to the other fields such as surface science and catalysis. The results of our 
studies altered dramatically the knowledge shaped previously in graphene CVD field indicating 
the need to revisit the many conclusions drawn based on erroneous analysis with new insight. 
In summary, this thesis covers the direct growth of graphene using chemical vapor deposition 
(CVD) on copper by exploiting the factors that directly impact its formation. All the process 
steps starting from substrate preparation, to graphene growth using methane and hydrogen, along 
with transfer of the end product are presented in details. The role of hydrogen and oxygen during 
growth and cooling down stages is particularly discussed and clarified.  
1.2  Current challenges of graphene CVD growth on copper  
 
Despite the great promise that graphene grown on copper has shown, little is known about the 
factors that determine its reproducibility, morphology, and final film quality. As we will detail in 
chapter 2, the main effort of the research was focused on varying the hydrogen to methane ratio 
in order to control the size, shape, and growth behavior of graphene domains [33, 44-49]. 
Moreover, the role of hydrogen-which was mainly present due to its reducing effect- became the 
key question. Few studies deduced that hydrogen is necessarily required for graphene CVD [50, 
51], however others stated that graphene can be formed in the absence of hydrogen [44, 52]. 
Furthermore, Zhang el al.[53] reported hydrogen as an etchant and a growth activator for 
graphene. This particular conclusion was very unlikely creating a debate in the community.  
Numerous articles were published on optimizing the quality of graphene films by varying the H2 
to CH4 ratios, precursor gas flow rates, and total reactor pressure [33, 44-49] but recipes reported 
are inconsistent between each other. This raises the question about whether all the possible and 
crucial parameters or species affecting and controlling the growth are being considered. Most 
importantly the role of oxygen and oxidizing impurities were ignored. These impurities can 
mainly originate from the gas feedstock, air leaks in the chamber, and also the copper substrate 
which can potentially alter the growth of graphene films [54].  
The next hurdle to overcome for graphene implementation in industrial applications is to grow 
continuous and high quality films at either low temperatures or in shorter amount of time in order 
5 
 
 
 
to conserve energy and lower the production cost [42, 43, 55-59]. Up to this date, numerous 
disparities exist in growth recipes and none shows a bright future. Although substantial efforts 
have been invested in this area, the question that how one can speed up the process remains. 
The ultimate purpose of this thesis is to find a viable route to produce uniform graphene films 
having high quality compatible with industrial manufacturing standards. In order to approach the 
goal, we have first devised a set of systematic experiments to answer the important questions: 1) 
Do oxidizing impurities have an effect on graphene film? 2) What is the role of molecular 
hydrogen in graphene CVD growth? Or more specifically, do we need hydrogen in our growth 
recipe?  
To answer these questions, we have used gas purifiers to minimize the amount of oxidizing 
impurities flowing into our growth chamber by installing them on the ultra high purity grade gas 
bottles. With this, we have clarified the role of hydrogen and the effect of oxidizing impurities, a 
significant factor that has never been considered to have a direct role in graphene CVD growth 
recipes answering the two important questions above. In addition, the potential role that 
hydrogen plays has become clear and is no longer hindered or misunderstood. Our results open 
the avenue for thoroughly comprehending the role of gases and most importantly the role of 
oxidizing impurities during the CVD growth of graphene layers. This is crucial for further 
improving graphene film quality and developing large single crystal graphene layers. Lastly, 
from the insight gained from our experimental studies, we proposed an entirely suitable method 
to manufacture large scale graphene films on copper in an energy and cost saving manner. 
1.3  Objectives of the present work 
 
The objectives we set out to accomplish at the beginning of this doctoral thesis project was to 
elucidate a viable and reproducible avenue for the production of continuous and high quality 
graphene films. The existence of uncertainties in this increasingly abundant literature, and the 
vast array of disorganized experimental results motivated us to investigate the CVD growth of 
graphene films on copper substrate in order to understand the interplay between the growing 
graphene honeycomb lattice and the role of gases, methane as the carbon precursor, and 
hydrogen as the reducing agent or carrier gas. In addition, finding a unique set up and recipe that 
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is compatible with industrial manufacturing of graphene films was desirable. 
The thesis project can be summarized by the following detailed objectives: 
  To establish whether molecular hydrogen is responsible for graphene etching on copper 
or other species such as oxidizing impurities should be accounted for this etching reaction 
 
  To verify whether the presence of hydrogen is necessary for graphene growth on copper 
 
  To determine the role of molecular hydrogen during the low pressure chemical vapor  
deposition (LPCVD) growth and post growth of graphene films on copper foils 
 
  To implement a method to produce continuous and high quality graphene films on copper 
while ensuring compatibility of the process with industrial manufacturing standards. 
 
1.4  Organization of the thesis 
 
This work is presented in 8 chapters. In chapter 2 we introduce different methods of graphene 
growth and synthesis. An overview of recent advances in the field of graphene CVD fabrication 
is given, and includes a discussion on the role gaseous species particularly hydrogen. Moreover, 
graphene growth mechanisms and different processes for its large-scale production are discussed. 
Finally, characterization of graphene sheet morphologies and stacking order is presented. 
Chapter 3 provides in depth explanations of our experimental approach, covering the 
experimental techniques and characterization tools that were used during the course of this work.  
The main body of the thesis is presented as three articles in Chapters 4-6 and an additional 
chapter (Chapter 7), which is dedicated to the formation of multilayers during the post growth 
cooling down process. In the first article (Chapter 4: "No Graphene Etching in Purified 
Hydrogen"), despite the common belief in literature, we have established that molecular 
hydrogen does not etch graphene films on copper and that oxidizing impurities are responsible 
for the graphene etching reaction.  
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The second article (Chapter 5: "Graphene CVD: Interplay between Growth and Etching on 
Morphology and Stacking by Hydrogen and Oxidizing Impurities") is a comprehensive 
investigation of the role of hydrogen and oxidizing impurities during Low Pressure CVD 
(LPCVD) growth of graphene films on copper.  
The third article (Chapter 6: "Speeding-up graphene chemical vapor deposition") uses the insight 
and methodology gained in articles 1 and 2, to implement a method to grow graphene films in 
approximately 1 min, which is very rapid and hence beneficial for large-scale industrial 
production. 
Finally chapter 8 contains the overall discussion, conclusions, and future perspectives of this 
work.  
1.5 Publications and presentations by this candidate 
 
This research has generated several results which were presented in the form of scientific journal 
publications, technological innovations (patent), poster and oral presentations. The three 
publications are embedded in the body of this thesis and the oral presentations are listed below. 
PUBLICATIONS: 
 Saman Choubak, Pierre L. Levesque, Philippe Gagnon, Minh Nguyen, Patrick 
Desjardins, and Richard Martel. "Speeding-up Graphene Chemical Vapor Deposition." 
Submitted to the Journal of Advanced Materials.  
  Saman Choubak, Pierre L. Levesque, Maxime Biron, Etienne Gaufres, Patrick 
Desjardins, and Richard Martel. "Graphene CVD: Interplay between growth and etching 
on morphology and stacking by hydrogen and oxidizing impurities. "  Journal of  Physical 
Chemistry C, 2014, 118, 21532-21540 
 Saman Choubak, Maxime Biron, Pierre L. Levesque, Richard Martel, Patrick Desjardins. 
"No Graphene Etching in Purified Hydrogen." Journal of Physical Chemistry Letters, 
2013, 4, pages 1100-1103 
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POSTER & PRESENTATIONS 
 
 Oral Presentation: Saman Choubak, Pierre L. Levesque, Etienne Gaufres, Maxime 
Biron, Richard Martel, Patrick Desjardins." Graphene CVD: Interplay between growth 
and etching on morphology and stacking by hydrogen and oxidizing impurities." Fourth 
International Symposium of Graphene Devices, Bellevue, Washington, USA, September 
21-25, 2014. 
 Poster: Saman Choubak, Pierre L. Levesque, Maxime Biron, Richard Martel, Patrick 
Desjardins. "The role of hydrogen in low pressure chemical vapor deposition of graphene 
films." RQMP Grande Conference, Montreal, Canada, May 16, 2014. 
 Oral Presentation: Saman Choubak, Pierre L. Levesque, Maxime Biron, Richard Martel, 
Patrick Desjardins."The impact of hydrogen and oxidizing impurities in chemical vapor 
Deposition growth of graphene films." MRS, Fall Meeting, Boston, Massachusetts, USA, 
December 1-6, 2013. 
 Poster: Saman Choubak, Pierre L. Levesque, Maxime Biron, Richard Martel, Patrick 
Desjardins. "The role of hydrogen in low pressure chemical vapor deposition of graphene 
films." Gordon Research Conferences (GRC) , Thin Film and Crystal Growth 
Mechanism, Biddeford, Maine, USA, July 7-12, 2013. 
 Poster: Saman Choubak, Maxime Biron, Pierre L. Levesque, Etienne Gaufres,  Nicolas 
Cottenye, Philippe Gagnon, Francois Lapointe, Richard Martel, Patrick Desjardins. 
"Graphene studies: from growth to electrical transport." RQMP Grande Conference, 
Montreal, Canada, May 17, 2013. 
 Oral Presentation: Saman Choubak, Maxime Biron, Pierre L. Levesque, Richard Martel, 
Patrick Desjardins. "No evidence of graphene etching in hydrogen." European Workshop 
on Epitaxial Graphene EWEG, Aussois, France, Jan 27-31, 2013. 
PATENT: 
  Saman Choubak, Pierre L. Levesque, Philippe Gagnon, Patrick Desjardins, and Richard 
Martel. "Graphene Rapid Formation on Copper via Chemical Vapor Deposition." In 
Preparation. 
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2 CHAPTER 2  LITERATURE REVIEW 
 
In this chapter, we introduce graphene and Raman spectroscopy which is widely used to 
characterize graphene sheet morphologies and stacking order. Next, the variety of synthesis and 
fabrication methods that lead to graphene production is presented. Moreover, graphene growth 
mechanisms and different processes for its large-scale production are discussed. In addition, the 
controversial subject of the formation mechanism of graphene bilayer and multilayers is 
reviewed. Finally, an overview of recent advances in the field of graphene CVD, the role of 
process condition parameters, and the influence of gaseous species particularly hydrogen and 
oxygen are given.  
2.1  Graphene  
 
Graphene is a flat monolayer of carbon atoms tightly packed into a two-dimensional (2D) 
honeycomb lattice. It is also the fundamental element for graphitic materials of all other 
dimensionalities. As shown in Figure 1, 0D fullerenes can be envisioned as enfolded graphene, 
whereas 1D nanotubes can be considered as graphene rolled up on itself whereas 3D graphite are 
stacked up graphene layers [1, 2, 60, 61]. As illustrated in Figure 2-1, the graphene lattice 
consists of regular hexagons with a carbon atom at each corner. The bond length between 
adjacent carbon atoms is 1.42 Å and the lattice constant is 2.46 Å [1, 2, 60, 61].  
 
 
 
 
 
 
 
Figure 2-1. a) Mother of all graphitic forms graphene is a 2D building material for carbon materials of all 
other dimensionalities. b) It can be stacked in 3D to form graphite, c) rolled into a cylinder to give 1D 
nanotubes, and d) wrapped up into 0D to form buckyballs. Reprinted with permission from Ref. [1], © 
2007, Nature Publishing Group. 
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2.2  Raman spectroscopy of graphene 
 
Raman Spectroscopy is a convenient technique to identify and count the number of graphene 
layers. Raman fingerprints for single layers, bilayers, and few layers reflect changes in the 
electronic structures and allow clear, high-throughput, nondestructive identification of graphene 
layers [62, 63]. We have witnessed a major evolution in the understanding of Raman 
spectroscopy in graphene in the last six years. Indeed, new results on graphene doping, chemical 
functionalization, hydrogenation, interlayer coupling, and so on, considerably changed the 
understanding of the basic Raman processes [64]. Changes in the electronic properties due to 
defects, edges, doping, and multilayers can all strongly impact positions, widths, and intensities 
of Raman peaks [62, 64-66].  
Figure 2-2 shows the 514 nm Raman spectrum of graphene deposited on SiO2 substrate. The two 
most intense features are the G peak at 1580 cm
-1
 and a band at 2700 cm
-1
 historically named G' 
(or 2D). Uniform, single layer graphene are characterized by an integrated intensity of the 2D 
peak (I2D) over the integrated intensity of the G peak (IG) greater than 2 (I2D/IG >2) and a sharp, 
Lorentzian 2D peak with a full width half maximum (FWHM) narrower than 35 cm
-1
. The D 
peak, around 1350 cm
-1
, reveals the presence of defects. The D' band is also a disorder induced 
feature which appears at 1620 cm
-1
.Overall, Raman spectroscopy allows to unambiguously 
determine the number of graphene sheets, up to 5 layers [62-63,70].  
 
 
 
 
 
 
 
 
Figure 2-2. Raman Spectra of graphene acquired using an incident wavelength of  514 nm. Graphene can 
be identified by the position and shape of its G (1580 cm
-1
) and G' (2700 cm
-1
) peaks. Reprinted with 
permission from Ref. [70], © 2009, Elsevier. 
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Note that Raman spectroscopy is mainly carried out to characterize the quality of graphene films. 
The absence of D and D' peak in the Raman spectra is indicative of a defect free graphene layer 
commonly referred to as "high quality" [13,28,30,40,62,63,70]. Some graphene samples grown 
by chemical vapor deposition (CVD) exhibit additional peaks between 1450 cm
-1
and 1525cm
-1
 
(so-called R) and also above the G band at ~1620 cm
-1
 (so-called R' or D' ). These bands emerge 
in bilayer and multilayer samples in which the individual layers are rotated with respect to 
another (twisted bilayer graphene (tBLG) [64, 66-70]. The D and D' bands are attributed to 
structural disorder. Their precise positions depend on the excitation energy (EL); for example, 
they appear at 1350 cm
-1
 and 1620 cm
-1
 for EL=2.41 eV. The R and R' bands that appear at 
~1450-1525 cm
-1 
and ~ 1625 cm
-1
, respectively, assigned to a superlattice-induced Raman 
process and their frequencies are independent of the laser energy. These modes have been 
ascribed to intervalley and intravalley interactions between two rotated graphene layers [64, 66-
70]. Figure 2-3 shows a) the schematic of a rotationally stacked bilayer graphene, and b) the 
actual representative optical micrographs of the CVD samples transferred onto a SiO2/Si 
substrate. Figure 2-3c is the Raman spectra of the samples in b in the G band range; R and R' 
band ranges are highlighted in yellow [66, 67]. 
 
 
 
 
 
 
 
 
Havener el al. [65] used transmission electron microscopy along with wide field Raman imaging 
in order to study the correlation between the angle and Raman intensity of twisted bilayer 
graphene. They observed an enhancement of the G band intensity and they proposed that this 
Figure 2-3. a) The schematic of a rotationally stacked bilayer graphene, and b) the actual representative 
optical micrographs of the CVD samples transferred onto a SiO2/Si substrate, and c) the Raman spectra of 
the samples in b in the G band range where the R and R' bands are highlighted in yellow. Reprinted with 
permission from Ref. [67,68],  © 2011,2013, American Chemical Society and Springer. 
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enhancement can be related to the presence of a singularity in the joint density of states of tBLG. 
Figure 2-4 is a representative DF-TEM image together with wide field G and 2D band maps 
acquired using an excitation energy of 2.33eV of one area containing 10 different tBLG domains 
with varying ϴ values shown in Figure 2-4b. The data shows a strong enhancement of the G 
band integrated area (AG) for a few specific domains, such as 12.4° domain in Figure 2-4b, while 
all others show similar enhancement intensity. They have further investigated this behavior and 
obtained full Raman spectra for each domain (Figure 2-4b) in order to quantitatively relate the G 
band area (AG) and the twist angle [65]. 
 
 
 
 
 
 
 
 
 
The integrated area of the G peak (acquired at a fixed laser excitation energy of Eex= 2.33eV) is 
plotted in Figure 2-5 as a function of twist angle measured by TEM (AG vs ϴG). Twist angle in 
the range of 11° to 16° can be determined by the enhancement of the G peak with this specific 
laser excitation energy. The data presented here form a curve with strong enhancement near one 
specific twist angle (12.4 °) [65].  
 
 
 
Figure 2-4. a) An optical reflection image of CVD graphene transferred to SiO2/Si  and a large area 
widefield G band Raman image of the same region (the inset is the structure of tBLG with a twist angle 
ϴ, b) Dark-field TEM, G band Raman images of the same multilayer tBLG sample and Raman spectra 
from several domains are also shown. Reprinted with permission from Ref. [66], © 2012, The American 
Chemical Society. 
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In this thesis, we used Raman spectroscopy and Raman imaging as a tool to characterize our 
samples in order to understand the CVD of graphene layer on copper and to distinguish different 
process condition factors that might have an effect on film quality and layer commensurability. 
Note that in this chapter, we have focused on Raman results that are directly relevant to the work 
reported in the thesis. 
2.3  Graphene fabrication 
 
To this date, graphene based electrical devices have been fabricated by a number of different 
methods such as 1) micromechanical cleavage of graphite (known as scotch tape technique) [14], 
2) chemically reduced graphite oxide [12], 3) ultra high vacuum annealing of silicon carbide 
(SiC) [26], and 4) graphene synthesis on metal substrates via chemical vapor deposition (CVD).  
However, these techniques have downsides of central importance: the scotch tape technique for 
example leads to the production of very small graphene films [14], whereas the chemically 
reduced graphite oxide graphene electrical properties does not fully recover from its oxidized 
sheets [12]. Finally the graphene grown on SiC substrates is difficult to transfer to other 
substrates, such as Si, for integration with Si-based devices [28, 29]. Nevertheless, CVD 
graphene yields to a uniform graphene film whose size is limited only by the size of the substrate 
and the growth parameters [13, 28-30, 45]. Once a uniform graphene layer is grown, it can be 
Figure 2-5. The plot of G band integrated intensity (AG) vs ϴ across many tBLG samples. Reprinted with 
permission from Ref. [66], © 2012, The American Chemical Society. 
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transferred onto an arbitrary substrate of choice via both wet and dry transfer techniques [13, 40, 
71]. 
Direct growth of graphene using chemical vapor deposition (CVD) on certain metal catalysts 
such as Ni and Cu led to high coverage of high quality graphene, opening up a promising future 
for methods of this type and a large step towards commercial realization of graphene products 
[28, 30]. Graphene CVD offers unique aspects: first and foremost, it allows large area and 
uniform graphene synthesis with low defects on a wafer scale. Secondly, it permits the 
exploration of a wide gamut of transition metals as catalysts (substrates), and finally it enables 
one to develop a profound understanding of graphene nucleation and growth mechanisms on 
metal catalysts [13, 28, 30, 40].  
Graphene CVD has been synthesized on numerous transition metals, including nickel, copper, 
ruthenium, iridium, silver, gold, and cobalt [29]. Graphene thermal CVD – in which the growth 
reaction occurs at the hot metal surface (850-1100° C) – has been achieved with a variety of 
hydrocarbon precursors, including methane, ethane, and acetylene. In this method, the metal 
substrate provides the surface for the decomposition of the carbon species and the nucleation of 
graphene crystals [28, 30]. Alternative CVD techniques such as hot filament CVD (HF-CVD) 
are also used to grow graphene on copper foils. In this method, the current is passing through a 
filament and reach temperatures as high as 2000 °C. Methane and hydrogen flow through a gas 
shower on the hot filament while the copper foil is placed right below the filament. The substrate 
temperature (in this case copper) depends on how far it is from the filament. Hydrocarbon gas, 
namely CH4 decomposes by thermal means using the hot filament and forms carbon radicals. 
These carbon radicals reach the Cu surface and form graphene layers. The advantage of this 
technique is the fast cooling rate since the substrate can reach room temperature in seconds, 
however, the graphene films grown on copper are not exempt from defects. This technique has 
been previously used for the fabrication of diamond films and CNT. In addition, growing 
graphene at low temperature and directly on dielectric substrates is desirable. To achieve this 
goal, plasma-enhanced CVD (PE-CVD) techniques have been proposed [13]. In this method, 
plasma facilitates the dissociation of hydrocarbons into reactive radicals at low temperature 
while the substrate temperature can be held as low as 600 °C. Although graphene films are 
grown using this technique, the quality is not comparable to that of thermal CVD. Due to the low 
process temperature, graphene grain sizes are reduced since surface diffusion of carbon atoms is 
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limited on the substrate [13]. In addition multilayer growth is observed due to the high amount of 
carbon radicals generated by the plasma [72]. Thus, the graphene films grown with this 
technique are highly defective and lack thickness homogeneity [13, 72]. Figure 2-6 shows 
schematic representation of thermal, HF-, and PE- CVD. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Factors such as carbon solubility limit in the metal, its lattice parameters, and crystal structure, as 
well as process parameters including pressure and temperature, impact the nucleation and growth 
mechanisms of graphene on the metal catalyst [28, 30, 45]. In general, different growth 
mechanisms have been ascribed mainly to the carbon solubility in the metal. In the case of 
catalysts having very low carbon solubilities (<0.001 atomic %) such as Cu, it has been 
demonstrated that the synthesis of graphene occurs only on the surface of the catalyst. In 
contrast, on catalyst metals having larger C solubilities (>0.1 atom %), including Co and Ni, 
graphene synthesis is proposed to proceed via a combination of diffusion into the metal thin film 
at the growth temperature, and a precipitation of carbon from the bulk to the surface of the metal 
Figure 2-6. a) Schematic of typical CVD of graphene using CH4 as a carbon precursor, b) Diagram of the 
hot-filament HF- CVD set up, and c) Plasma-enhanced CVD (PE-CVD) set up for graphene 
growth.Reprinted with permission from Ref. [14], © 2014, Wiley. 
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upon cooling after CVD synthesis [28-30, 45]. Figure 2-7 shows schematic diagrams of graphene 
growth mechanisms on Ni and Cu substrates. 
 
 
 
 
 
 
 
 
As mentioned above, graphene formation on Ni is based on a segregation process; thus 
multilayer formation is inevitable. However, only small amounts of carbon dissolve on copper 
and graphene formation occurs through surface reactions. In principle copper catalyzes the 
decomposition reaction of hydrocarbons and once the copper is fully covered with graphene no 
bare copper remains and the growth stops [40].  
Large area graphene synthesis on copper foils received great attention due to the few reasons 
summarized here: 1) the low solubility of carbon in copper limits the amount of segregated C 
therefore leading to a better control of graphene film growth over a reasonable temperature range 
(800-1000° C); 2) the absence of the copper carbide compound ensure that the Cu/C has only a 
binary phase diagram; 3) the ease of selecting a wet etchant that does not attack the graphene 
film while dissolving copper; 4) the low cost of copper relative to other metals makes the 
graphene production more affordable [28-30].  
With all these being said, the introduction of a method to prepare free-standing graphene, single 
2D carbon sheets with the same structure as the individual layers in graphite, has initiated 
tremendous scientific activities [1, 7]. The publication and research studies in this area are so 
vast that they cannot be all summarized in this review; however, the fundamental literature that is 
under the scope of this thesis will be covered. The attention is mostly given to the CVD growth 
Figure 2-7. Schematic diagrams of graphene growth mechanisms on a) Ni and b) Cu. Reprinted with 
permission from Ref. [41], © 2013, The American Chemical Society. 
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of graphene on copper substrates, in the low pressure growth condition, although some 
atmospheric pressure CVD data relevant to this thesis will also be reviewed. Our main focus is 
on the role of hydrogen, methane, and oxidizing species during graphene CVD and how they 
impact the formation of graphene sheets (i.e. shape, size) and their quality. These are largely 
explored in literature by altering the partial pressures of methane and hydrogen or the ratio 
between them during the growth. Furthermore, we discuss the latest production routes for large 
scale manufacturing of graphene films and their consequent integration into industrial 
applications.  
2.4  Graphene CVD on copper 
 
Graphene growth on copper is in principle straightforward and involves the decomposition of the 
hydrocarbon of choice, such as methane or ethylene gas, over a copper substrate typically held at 
1000 °C [1, 2, 4, 7, 13, 28-30, 40, 46, 73]. The specific growth parameters that have been utilized 
for achieving the best graphene film on copper are summarized in reference 28. Most of the 
depositions have been on polycrystalline copper foils with thicknesses ranging from 25 to 50 μm. 
Although the most commonly used deposition temperature is 1000 °C, growth at temperatures 
ranging from 800 to 950 °C have also been reported [13, 28, 40, 73]. The CVD of graphene on 
copper is done under low (0.5-50 Torr) or atmospheric pressure of methane and hydrogen gas 
mixture at various ratios [28]. Interestingly, the size and shape of graphene domains vary in the 
literature with the fraction of hydrogen and methane in the gas flow; however, no clear 
understanding of this phenomena has emerged [45, 48, 50, 53].  
The copper foils pretreatment is also crucial in getting large graphene domains. The as- received 
Cu foils are covered by native oxide (CuO, Cu2O) suppressing copper surface catalytic activity 
[28, 30]. In order to facilitate growth of graphene sheets, before carbon deposition, the Cu 
substrate must be annealed in a hydrogen reducing atmosphere at 1000 °C. The annealing step 
prior to carbon deposition is also important because it increases the Cu grain size and rearranges 
its surface morphology, such as introduction of atomic steps and elimination of surface structural 
defects. The copper foils are annealed for 30 minutes in most cases. Figure 2-8 illustrates the 
three main stages of graphene growth on Cu by CVD [13, 28, 30, 40]. 
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Scanning electron microscope images of the growth of single layer graphene at different times 
are shown in Figure 2-9. In Figure 2-9a, graphene islands of finite size (indicated by large oval) 
and the nucleation site of one of the other islands (indicated by smaller oval) are shown [30]. As 
growth proceeds, the graphene domains progressively increase in size until coalescing and 
forming a continuous layer. The weak interaction between graphene and the Cu substrate permits 
the expansion of graphene islands over the grain boundaries with minimal structural 
perturbation. The presence of wrinkles in the as-grown graphene is generally attributed due to 
the difference in the thermal expansion coefficients (TEC) between graphene and copper. The 
large negative graphene TEC (α graphene=(-6x10
-6
 /K)) at room temperature compare to copper  
TEC (α copper= 24x10
-6
/K) leads to huge shrinkage of Cu upon cooling inducing mechanical stress 
on graphene. This stress is released via the formation of wrinkles [28, 30, 73].  
 
 
 
Figure 2-8. Schematic illustration of the main stages of graphene growth on copper by CVD: a) copper 
foil with native oxide; b) the exposure of copper foil to H2 atmosphere at 1000° C leading to an increase 
in Cu grain size; c) the introduction of CH4 along with H2 and nucleation of graphene crystal, and d) the 
enlargement of graphene flakes with different in-plane lattice orientations. Reprinted with permission 
from Ref. [29], © 2010,  Royal Society of Chemistry . 
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2.5  Industrial large scale production  
 
In order for graphene to become useful in practical applications, its industrial scale production 
with good uniformity and low defect density is essential. Thus, it needs to be produced with low 
cost and feasible techniques. In this section, we highlight the mile stones achieved up to this date 
in this area. 
Bae et al. [43] have developed a roll-based graphene synthesis and transfer process. They took 
advantage of the CVD method and the copper foil flexibility to scale up the graphene film 
production. They used an 8 inch tubular quartz CVD reactor for the production of monolayer 
graphene on a roll of copper with dimensions as large as 30 inches in the diagonal direction (Fig. 
2-10). The CVD process is similar to what is common in CVD technique (i.e.: T=1000 °C, 
hydrogen flow for 30 min, introduction of the methane for 30 min, and finally the cooling down 
under hydrogen or both gases.) Once the growth step terminates, the graphene films on copper 
are attached to a thermal release tape by simply applying a soft pressure between the two rollers. 
The etching of copper foil is done in the next step where a bath of copper etchant is present. 
After the etching step, the transferred graphene film on the tape is rinsed with deionized water to 
remove the residual etchant, and thus it is ready to be transferred to any kind of surface. The 
graphene film on the thermal release tape is inserted between the rollers together with a target 
substrate while it is heated between 90-120 °C so that the tape is released and graphene can be 
transferred on the targeted substrate. This method is industrially scalable and fairly easy to 
Figure 2-9. SEM images of graphene on Cu via methane/hydrogen mixture (A) 1 min, (B) 2.5 min, (C) 10 
min, and (D) 60 min. Reprinted with permission from Ref. [30], © 2009, The American Association for 
Advancement of Science. 
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implement. (See Figure 2-10) 
 
 
Figure 2-10. Schematic of the roll-based production of graphene films grown on copper foil. The process 
includes adhesion of polymer supports, copper etching (rinsing), and dry transfer-printing on a target 
substrate. Reprinted with permission from Ref. [44], © 2010, Nature Publishing Group. 
Later on Liu et al. [74] reported graphene CVD by heating the copper foil locally using two 
graphite electrodes. With this system, the foil gets to high temperature at a shorter amount of 
time and it can also be cooled down rapidly. This method although in its infancy was beneficial 
in terms of energy saving. However, the quality of the films were not comparable to other existed 
graphene layers produced using conventional CVD method and bi - multi-layers, and sometimes 
holes were present on the graphene film [74]. Taking into account the roll to roll process and the 
local heating method, recently Kobayashi et al. [42] developed a roll to roll CVD system with a 
vacuum chamber, a pair on winders, and a pair of current feeding electrode rollers separated by a 
distance. The copper foil is suspended between the rollers and is thus heated to a temperature of 
1000 °C by Joule heating. The gases are introduced to the chamber and graphene CVD process is 
taking place inside. This set up is advantageous as it conserves energy and the copper can be cool 
down to room temperature in no time. Continuous graphene coverage was observed, but it was 
only close to the center of the copper foil, pointing out a heat loss at the edges due to a non 
negligible temperature drop. Moreover, microcracks were visible on the graphene sheet lowering 
the quality of the film [42]. A schematic of the set up is shown in Figure 2-11. 
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2.6  Graphene multilayer growth mechanism on copper 
 
The formation mechanism of graphene bilayer and multilayers during the CVD is not well 
understood. The graphene growth community anticipated the arrangement of graphene 
multilayers to be similar to that in typical crystal growth [75] where the graphene layers are 
stacked on top of one another meaning that the smaller sheets are grown on top of the larger 
layers [76, 77]. Few studies have mentioned this growth behavior (see Figure 2-12) whereas the 
field remained largely unexplored.  
 
 
Figure 2-11. a) Continuous roll-to-roll CVD system using selective Joule heating to heat the copper foil 
suspended between two current feeding electrodes. b) Reverse gravure coating of a photo curable epoxy 
resin onto a PET film and bonding to the graphene/copper foil, followed by curing up the epoxy resin. c) 
Spray etching of the copper foil with a CuCl2 solution. d) Structure of the fabricated graphene/epoxy/PET 
film. Reprinted with permission from Ref. [43], © 2013, AIP Publishing LLC. 
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Later on Nie et al. [78] reported an underlayer growth mechanism where the second and 
subsequent layers are grown from below. They believe that new layers nucleate and grow next to 
the substrate since copper is catalyzing the hydrocarbon decomposition and the graphene 
multilayer growth terminates once the Cu is covered with the main layer, therefore the smaller 
layers are formed beneath the main layer. 
After their results were published, two contradictory growth models, the inverted wedding cake 
(IWC) or underlayer growth mechanism [78-81] and the wedding cake model (WC) or on-top 
growth mechanism [76, 77, 82] became subject of an intense debate in the literature. Figure 2-13 
shows a cross sectional schematics of graphene layers on copper illustrating the differences 
between these two growth models.  
 
 
 
Li et al. [79] studied the growth of bilayer and multilayer graphene on copper by isotopic  
 
Li et al. [79] studied the growth of bilayer and multilayer graphene on copper by isotopic 
labeling of the methane precursor in order to understand the stacking order of graphene films. 
Figure 2-13. Cross sectional schematic of graphene layers on a Cu substrate. a) On-top growth, b) 
Underlayer growth Reprinted from Ref. [79], open access. 
. 
Figure 2-12. a) A 3D schematic representation of a few layer graphene domain on copper foil, and b) Top 
view of a. Reprinted with permission from Ref. [77], © 2012, The American Chemical Society. 
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They grew graphene by sequentially introducing isotopically labeled methane 
12
CH4 first and 
then 
13
CH4. They transferred the samples onto the SiO2/Si substrate and exposed the transferred 
sample to oxygen plasma in order to introduce defects on the film. Based on the Raman 
measurements, a D12 defect peak at 1350 cm
-1
 associated with 
12
C appeared on the Raman 
spectrum after the oxygen exposure. This clearly showed that the 
12
C graphene layer is on the top 
layer in their samples since no 
13
C defect band was detected in the Raman spectrum. Figure 2-14 
shows the Raman map of the G12 (1560-1600 cm
-1
) band intensity from the transferred graphene 
before and after oxygen exposure along with cross-section of the graphene layers at the position 
marked in (a,b) by a white line respectively. Lastly, the Raman spectrum of the positions 
indicated in c and d is shown. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Similarly, Fang et al. [80] selectively modified the top surface using a fluorination XeF2 
treatment to see whether the second layer is grown on top or at the bottom. Fluorinated C atoms 
Figure 2-14. Raman isotopically labeled bilayer graphene before and after oxygen plasma etching. (a,b) 
The Raman map of the G12 (1560-1600 cm
-1
) band intensity from the transferred graphene before and 
after the oxygen exposure (c,d) cross-section of the graphene layers at the position marked in (a,b) by a 
white line respectively (e,f) the Raman spectrum of the positions indicated in c and d. Reprinted with 
permission from Ref. [80], © 2013, The American Chemical Society. 
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are sp
3
-bonded thereby leading to drastic changes in Raman spectra. Comparing isotopic labeling 
and fluorination results, they concluded that the 
13
C layer was on the bottom since no change was 
observed in the Raman spectrum after surface modification confirming that the 
12
C layer was 
protecting it. While these observations point toward the IWC model, Kalbac et al. [82] rather 
suggested the on-top growth mechanisms or WC model. They believe that the graphene layers 
are grown on top of the main layer with different growth rates. They attribute this behavior to the 
presence of an excess amount of carbon leading to multilayer growth as a WC or the presence of 
hydrogen that etches the top layer - since top layer is more accessible to hydrogen-while the 
main layer is growing. Recently, Zhang et al. [81] proposed a growth model where IWC growth 
mechanism is possible at relatively higher hydrogen pressure whereas at low hydrogen pressure 
the growth is terminated and is limited to single layer. Figure 2-15 is a schematic representation 
of the growth mechanism proposed by a) Zhang et al. [81] and b) Li et al. [79].  
 
 
 
 
 
 
 
 
 
 
 
Despite the most recent detailed characterization of bilayer and multilayer growths supporting 
the IWC model, the formation mechanism of these layers is still not well understood and remains 
controversial. The question of which mechanism is the most plausible or whether both case 
scenarios are possible in different growth conditions remains unclear. Further investigations in 
this area are required to further understand the graphene multilayer formation mechanisms on 
copper substrates. We will discuss this matter briefly based on the evidences we gathered later on 
in this thesis. 
Figure 2-15. Schematic representation of the graphene growth mechanism on copper by a) Zhang et al., 
and b) Li et al.. Reprinted with permission from Ref. [82], © 2014, and Ref. [80], © 2013 respectively. 
The American Chemical Society. 
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2.7  Review on the role of gases (H2 and O2) and process conditions during 
graphene CVD  
2.7.1 Role of hydrogen 
  
Hydrogen is mainly used in graphene CVD as a copper oxide reducer; however, a mixture of 
various CH4 to H2 ratios has been constantly reported in literature indicating an unknown role 
that hydrogen might play in graphene CVD growth [48, 49, 83, 84]. Investigation on the role of 
hydrogen were conducted by Losurdo et al. [51] and they concluded that H2 is a kinetic inhibitor 
for graphene growth since it blocks Cu surface sites that would otherwise be available for C 
atoms attachment from methane dissociation. They also suggested that hydrogen might have an 
etching effect that is competing with methane dissociation, which further slows down the 
graphene growth rate. Vlassiouk et al. [50] have conducted growth and annealing experiments to 
further investigate the role of hydrogen in graphene CVD. Figure 2-16 shows SEM images of 
graphene grown on copper and further exposed to a flow of hydrogen. After hydrogen exposure 
graphene films are partially etched. 
 
 
 
 
 
 
 
 
 
 
Figure 2-16. The effect of annealing in hydrogen (19 Torr H2 in 1 atm of Ar, 1000 °C). A) as-grown 
graphene on copper, B) Annealed in hydrogen for 30 min and  850-1000°C) annealed after exposure of 
the sample to air (it is believed that dust particles deposited on the sample after their exposure to air serve 
as a catalyst for etching graphene). Scale bars are 1µm. Reprinted with permission from Ref. [50],© 2011, 
The American Chemical Society. 
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In addition, changing the hydrogen pressure during the growth led to different graphene 
morphologies as seen in Figure 2-17. 
 
 
 
 
 
 
 
Moreover, they did not observe graphene growth at relatively low hydrogen partial pressures 
concluding that hydrogen is necessarily required for graphene growth. In contrast Gao et al. have 
previously shown that graphene can be grown in the absence of hydrogen. Ignoring Gao et al. 
[44], they deduced that hydrogen serves a double role: growth activator and etching reagent. 
Concurrently to these studies, Zhang et al. [53] conducted systematic annealing experiments on 
graphene layers grown on copper at high temperature (700-1000° C) and 500 mTorr total 
pressure in order to discriminate the role of hydrogen from that of methane during the CVD 
growth. They observed anisotropic etching of graphene films on copper with the highest etch rate 
between 800-850 °C. Figure 2-18a shows the as-grown graphene transferred on SiO2/Si substrate 
with a corresponding Raman spectrum while Figure 2-18b demonstrates the anisotropic etching 
of graphene film exposed to hydrogen at 500 mTorr at 800 °C. The film is transferred to SiO2/Si 
after treatment. No graphene peak is observed in Raman spectra from the etched region. 
 
 
 
 
Figure 2-17. SEM images of graphene grains synthesized during 30 min in LPCVD at 1000 °C on Cu foil 
using 1 mTorr of methane at different hydrogen partial pressures. Reprinted with permission from Ref. 
[50],© 2011, The American Chemical Society. 
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Similar annealing experiments on graphene grown on copper were conducted on transferred 
graphene on SiO2/Si substrate and surprisingly no evidence of graphene etching is observed. This 
led the authors of this study to suggest that copper catalyzes the etching reaction [53, 85]. 
Following these experiments, other researchers have suggested different recipes, known as 
"etching-aided" or "pulsed" CVD, to grow monolayer graphene films [86, 87]. A schematic 
diagram of this strategy is shown in Figure 2-19. In this process, after the metal catalyst (i.e. 
copper) is exposed to the carbon precursor, the carbon supply is cut off and hydrogen is used to 
etch excess carbon formed during the growth process. The sample is then cooled down under an 
Ar atmosphere leading to the formation of monolayer graphene film [86, 87].  
 
 
 
 
 
 
 
Figure 2-18. SEM images of graphene CVD before and after etching. a) As-grown graphene transferred 
on SiO2/Si and the corresponding Raman spectrum, b) graphene etched by H2 at 800 °C and transferred to 
SiO2/Si. Raman spectra shows graphene remaining intact and no graphene in the etched regions. 
Reprinted with permission from Ref. [54],© 2012, The American Chemical Society. 
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The role of hydrogen and its influence on the formation of graphene on copper foil became the 
subject of intense current research. The total pressure of the CVD process and the methane to 
hydrogen ratio were altered in order to find the best recipe for graphene growth, control the 
shape and size of graphene domains, and understand the role of gases on the morphology of the 
films. These results are summarized in the next sub-section. 
2.7.2  Impact of process conditions 
 
It is possible to control the nucleation density and the size of the initial graphene crystals by 
tuning the partial pressure of CH4, the total growth pressure, and the temperature [45, 46, 48, 49, 
83, 84, 88, 89]. Figure 2-20 presents SEM images of partially grown graphene under different 
conditions such as temperature, methane flow rate, and partial pressure [46]. As seen in the 
figure, the density of graphene nuclei decreases with increasing growth temperature resulting in 
larger graphene domain sizes. Reducing the methane flow rate (JMe) leads to larger graphene 
islands and fewer nucleation sites (Figure 2-20c). A further decrease in the methane partial 
pressure (PMe) leads to even fewer nucleation sites (Figure 2-20d) and larger graphene islands 
compare to Figure 2-20c. However, growth terminates before full surface coverage if the partial 
pressure of methane remains below a critical value as seen in Figure 2- 20d. In this case, even 
Figure 2-19. Schematic diagram of etching-aided CVD growth of monolayer graphene on metal 
substrates. Firstly, the metal substrates are annealed inside the quartz tube at 1000 °C for 30 min. Then, 
the carbon precursor is introduced into the furnace. Next, the carbon supply is stopped and a hydrogen 
exposure is performed. Finally, upon cooling, monolayer graphene is expected to be formed on metal 
surfaces. Reprinted with permission from Ref. [86],© 2012, Elsevier 
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with longer methane exposure, graphene films remain incomplete [46].  
 
 
 
 
 
 
 
 
 
 
Among all different growth parameters, the total pressure of the CVD system and the methane to 
hydrogen ratio appeared to have the greatest influence on graphene grain morphology [48, 49, 
83, 84]. Figure 2-21 shows graphene layer morphologies obtained using various growth 
conditions for a 30 min reaction time at 1000 °C. As seen in the Figure 2-21 (right column) for a 
fixed total pressure of 150 mTorr and a gradual increase in the methane to hydrogen ratio 1:30 to 
1:2, graphene islands change from hexagonal to flower to irregular shape. Moreover, the increase 
in methane to hydrogen ratio up to 1:2, led to a continuous film with multilayers in some areas. 
A similar behavior is observed when the total pressure is increased from 80 to 400 mTorr for a 
fixed methane to hydrogen ratio of 1:12.5. (left column) [48]. These results have suggested that 
graphene growth is a balance between carbon growth and hydrogen etching.  
 
 
 
Figure 2-20. SEM images of partially grown graphene using methane/hydrogen under different growth 
conditions: T(°C)/JMe (sccm)/PMe (mTorr): a) 985/35/460, b) 1035/35/460, c) 1035/7/460, d) 1035/7/160. 
Scale bars are 10 μm. Reprinted with permission from Ref. [47],© 2010, The American Chemical 
Society. 
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Kidambi el al. [49] have conducted a set of experiments where they changed the ratio of methane 
to hydrogen in both LP-CVD and AP-CVD. The SEM images reveal nearly complete graphene 
films with evidence of mono and multilayer growth for a 25 min growth using a CH4 to H2 ratio 
of 1:10 at low pressure (Figure 2-22b), However, the film is incomplete for 1:1 ratio and 5 min 
growth and multilayer growth is also observed. Similar behavior is observed in AP-CVD (Figure 
2- 22g-j) [49].  
 
 
 
 
Figure 2-21. SEM images of graphene grown on copper foil at 1000 °C for 30 min. The central images in 
both columns are the same. The samples of the left are grown with a fixed CH4 to H2 ratio 1:12.5, and 
varied total pressure. The right-side samples are prepared using a fixed total pressure of 150 mTorr and 
CH4 to H2 ratios ranging from 1:30 to 1:2. Reprinted with permission from Ref. [49],© 2012, The 
American Chemical Society. 
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Here again they proposed that their results can be explained by a competition between carbon 
growth and hydrogen etching. Moreover, not only the pressure of the CVD chamber changes the 
graphene morphology but also the presence of higher amount of carbon (less hydrogen 
consequently less etching) strongly impacts graphene formation. Multilayer growth is favored 
when the carbon supply is greater than that of hydrogen suggesting different graphene growth 
pathways [49]. This behavior has also been reported by Vlassiouk et al. where elevated methane 
concentration led to the formation of multilayers, some of which are commensurate with one 
another whereas others have random stacking orders [50]. 
While uniform and continuous graphene films with high quality were grown on copper foil by 
controlling the methane to hydrogen ratio and playing with the total pressure during CVD, the 
origin of the disparities between different growth recipes from one group to another [13, 28, 40, 
46, 48-50, 84, 87] remained puzzling and led us to suspect that impurities mainly oxygen are 
perhaps playing a role in graphene CVD process. We will discuss this matter in detail shortly. 
Figure 2-22. SEM images at different magnifications showing graphene nuclei on Cu before merging to 
form a continuous film: (a, b) monolayer nuclei, LPCVD, 4 mbar, 1000°C, 1:10 CH4/H2 for 25 min (c, d) 
multilayer nuclei, LPCVD, 4 mbar, 1000°C, 1:1 CH4/H2 for 5 min, (e, f) multilayer nuclei, LPCVD, 4 
mbar, 1000°C, 1:1 CH4/H2 for 5 min, g, h) multilayer nuclei, APCVD, 1000°C, 1:25 CH4/H2 for 5 min, on 
(i, j) multilayer nuclei, APCVD, 1000°C,1:25 CH4/H2 for 5 min. Reprinted with permission from Ref. 
[50],© 2012, The American Chemical Society. 
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2.7.3  The role of oxygen  
 
The role of oxygen is generally not discussed explicitly in the graphene growth literature. 
However, its influence was sometimes questioned in passing [49, 50, 76]. The presence of 
oxidizing contaminants in the feed stock as well as the leaks into the chamber were mentioned in 
some papers [49, 50, 76], but no study permitted to decouple the role of oxygen from that of 
other gases present during the CVD process. Vlassiouk et al. [90] have shown that exposure of 
graphene films grown on copper to air at high temperatures > 400 °C results in etching, mostly 
starting at the interdomain boundaries. They noted that this should be avoided in order to 
maintain the graphene film quality. Figure 2-23 shows SEM images of graphene film etched by 
oxygen when the CVD furnace was opened to air at high temperature [90]. 
 
 
 
 
 
 
 
 
2.7.4  Remarks 
 
Despite the great number of studies in literature showing that hydrogen is etching graphene 
films, we postulated that hydrogen is not responsible for this etching reaction. In fact, based on 
surface science and catalysis studies, metals of group XI are not versatile catalysts for 
hydrogenation reactions and fail to be active in hydrogen chemisorption. In other words, 
hydrogen neither dissociates nor adsorbs on copper surfaces [91, 92] .Moreover, based on a 
Figure 2-23. SEM images of graphene on copper foil etched by oxygen when the CVD furnace was 
opened to air at high temperature > 400° C. Oxidation starts at the interdomain boundaries. Reprinted 
with permission from Ref. [90],© 2013, Elsevier. 
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simple back of the envelope calculation, we found that this etching reaction is evident at 
hydrogen pressures from which the partial pressure of contaminants becomes comparable to the 
standard base pressure of LP-CVD furnaces. We therefore proposed that some other parameters, 
most likely traces of oxidizing impurities present in the gas mixture or air leaks, are responsible 
for this etching reaction. This enabled us to design the experiments presented in chapters 4 and 5 
for investigating the role of these oxidizing species along with hydrogen during graphene 
annealing and growth. 
2.8  Implementing graphene CVD process into industrial manufacturing 
 
The commercial application of graphene products is driven by the advancements made in 
manufacturing of graphene films with properties suitable for the particular application. This is 
likely to last until each of graphene's many potential applications fulfills its own requirements. 
Currently, the process of making graphene films is expensive mainly due to large energy 
consumption. The game-changing breakthrough will be the growth of graphene films at low 
temperature or implementation of a fast growth process that meet the industrial manufacturing 
standards with the films having minimal number of defects. In the next section, the progress in 
this area is reported. 
2.8.1 Low temperature graphene CVD 
 
In an effort to decrease energy consumption and consequently reduce the cost of the graphene 
fabrication process, growth studies at lower temperature were conducted [55-59, 93]. Liquid or 
solid precursors such as Toluene and Graphite are favored since these carbon sources have lower 
C-H bond dissociation energies or require fewer dehydrogenations steps to produce C species 
compared to methane. Isolated graphene islands have been grown on Cu at low temperatures 
(300-600 °C) using these precursors [56, 58, 59, 93]. The growth of continuous graphene layers 
was mainly possible using a two-step process – in which the second step served to graphene 
islands' extension and coalescence through increasing the chamber pressure by a factor of 10 in 
the last 5 min of the growth time [59] – thereby making the overall process too long and fairly 
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complex to be economically viable for mass production.  
In addition the intensity of the Raman D peak from films grown at low temperature using liquid 
precursors was enhanced indicating the presence of structural defects [55-59, 93]. Figure 2-24 
shows SEM pictures and Raman spectra of graphene films grown on copper using ethanol at 
different temperature. Higher growth temperatures result in a reduction of the D peak intensity 
[57]. 
 
 
 
 
 
 
 
 
 
 
 
Recently graphene growth on copper foils at a lower temperature around 700-750 °C using CH4 
was reported by Jacobberger et al.
1
. Although the process was successful and the quality of the 
films was comparable to what is generally obtained at higher T, the growth process was much 
longer ~ 56 hrs. Such growth rates are obviously a drawback for manufacturing graphene and 
cannot be implemented at industrial scale.  
 
                                                          
1
  Article under revision  by Journal of Physical Chemistry C 
Figure 2-24. (a-d) SEM images of graphene films grown on copper foil after 10 min exposure to ethanol 
at CVD temperature of a) 900, b) 800, c) 750, and d) 700 °C. Scale bars are 5µm. e) Typical Raman 
spectra corresponding to graphene shown in (a-d). Reprinted with permission from Ref. [58],© 2013,  
American Chemical Society. 
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2.8.2 Rapid CVD growth 
Rapid and efficient growth of graphene CVD in 20 seconds on copper using ethanol was recently 
reported by Lisi et al. [94]. Although fast and energy efficient, this technique still does not 
permit the growth of high quality graphene. As shown in the SEM images of Figure 2-25, the 
surface is not clean, a significant bilayer coverage and amorphous C are visible on the graphene 
films grown using this recipe. 
 
 
 
 
 
 
 
 
 
Despite all the efforts that have been made to minimize the fabrication cost , the films produced 
from these methods have yet to meet the quality required for practical applications [15]. Many 
questions remain unanswered, e.g. How long does it take for graphene to cover the entire 
surface? Do the Cu surface morphology, the gases selection or other parameter play a significant 
role in the growth process? 
In Chapter 6 we show a promising yet simple solution for manufacturing graphene films in less 
than one minute. This will substantially reduce the amount of energy required to make graphene 
and subsequently lower the manufacturing cost.  
 
Figure 2-25. SEM images of graphene films grown on Cu at 1070 °C for durations of a) 60 s, b-c) 20 s. 
Reprinted with permission from Ref. [95],© 2014, Elsevier. 
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2.9  Perspective of the work in this thesis 
The existence of uncertainties in graphene CVD on copper literature, the vast array of 
disorganized experimental results, and notable absence of systematic studies motivated us to 
investigate the CVD growth of graphene films on copper substrate in order to understand the 
interplay between the growing graphene honeycomb lattice and the role of gases, methane as the 
carbon precursor, and hydrogen as the reducing agent or carrier gas.  First and foremost, we 
intended to resolve the discrepancy on the dual functionality of hydrogen being an etchant and 
growth activator [50]. We tackled this strategically by conducting systematic experiments to 
decouple the role of hydrogen and trace amounts of oxidizing impurities such as oxygen, two 
separate elements which we postulated that play different roles in graphene CVD and have 
therefore limited further progress in this emerging field. The results of these studies are detailed 
in Chapter 4 and 5.  
Later on, based on the fundamental insights we obtained from our previous studies, we 
developed a recipe or more precisely a method to engineer graphene CVD process in an energy- 
and cost effective- manner being entirely suitable to industrial manufacturing standards. We have 
also proposed a simple kinetic growth model of graphene formation on copper surface including 
the effect of oxygen impurities for the first time. The results of these studies are detailed in 
Chapter 6. 
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3 CHAPTER 3 EXPERIMENTAL TECHNIQUES 
3.1  Graphene chemical vapor deposition (CVD)  
 
Chemical vapor deposition (CVD) is a technique in which thin solid films are deposited on 
substrates through chemical reactions via vapor species [95]. CVD processes differ by operating 
pressure: (i) Atmospheric pressure CVD (AP-CVD), (ii) Low-pressure CVD (LP-CVD) which 
operates at reduced pressures, and (iii) Ultrahigh vacuum CVD (UHV-CVD) which is at low 
pressure of approximately 10
-8
 Torr. In order to minimize the undesirable gas-phase reactions 
and enhance the film quality, graphene CVD was performed at LP-CVD in hot wall tube furnace 
in this thesis. Figure 3-1 illustrates the schematic of a typical tube-furnace used in CVD systems 
for graphene growth. The set up is composed of a gas delivery system for the introduction of 
gases, a reactor where reactions occur and graphene is grown, and a gas removal system 
composed of vacuum pumps to remove the excess gas from the CVD reactor. The flow can be 
monitored and controlled by mass flow rate controllers or by the pressure and leak valves. The 
heaters surround the reactor to provide high temperature for reactions and the temperature 
ismonitored by thermocouples located on the heaters [28, 30, 33, 45, 95].  
 
 
 
 
 
 
 
 
 
 
Figure 3-1. Schematic diagram of a tube furnace CVD system. It consists of a gas delivery system, mass 
flow controllers or leak valves, deposition chamber, pressure gauge with controller and a pumping system. 
Reprinted from Ref. [95], open access. 
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We used 25-µm-thick Cu foils (Alfa Aesar, item no. 13382) as the substrate, CH4 (Praxair, UHP, 
grade 3.7, O2 < 15ppm) as the carbon precursor, and H2 (Praxair, UHP, grade 5, O2 < 1ppm) as 
the carrier gas and copper oxide reducer. Prior to each growth, the copper foils were cut to 2 x 2 
cm and were chemically cleaned (see section 3-1-3). After the cleaning procedure, the foils were 
placed on a quartz slide and pushed into the CVD furnace using a stainless steel rod. All the 
samples were placed in the middle of the reactor in the course of this thesis. Thus, all the 
conditions were the same throughout the experiments. The growth was performed in a 3.8-cm 
diameter (1.5 inch.) fused quartz tube inside a horizontal furnace (Lindberg/Blue M, Thermo 
Scientific) under low pressure conditions at 950-1000 ºC. The system is equipped with a 
manifold capable of UHV conditions. Leak valves on the manifold (gas delivery section) are 
used to control the pressure monitored by the gauge at the exit. Prior to each growth, the system 
is evacuated to a vacuum of 5 x10
-6
 Torr using a turbo molecular pump. The copper foils are then 
heated to 1000 ºC and annealed at this temperature for 30 min under the flow of H2. Then, CH4 is 
introduced into the chamber and growth is carried out at temperatures between 950 and 1000 °C 
for 45 min with the reactor pressure maintained at 500 mTorr. Finally, the chamber is cooled 
down to room temperature.  
As mentioned above, the heaters surround the reactor to provide high temperature for reactions. 
The temperature is monitored by thermocouples located on the heaters. There is a difference of 
±10 °C between the substrate temperature and the actual temperature read by the thermocouples 
in the CVD reactor.  
The typical graphene LP-CVD process in represented schematically in Figure 3-2. Temperature 
profile as well as gas sequences are presented as a function of time for the entire growth process 
starting from a pre-deposition annealing stage to the graphene growth itself, followed by the final 
cool-down phase. 
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Our as-received ultra high purity (UHP) gas bottles (hydrogen, methane, and argon) contain 
approximately 1-15 ppm of oxygen if not greater. In order to minimize the amount of oxygen or 
oxidizing species flowing into the chamber, we used gas purifiers to reduce the level of oxygen 
to below 1 ppb. The use of specific gas purifiers for each lines is key to our investigations. We 
installed the purifiers on the same gas bottle with which the normal (unpurified gas) growth 
experiments were conducted. Figure 3-3 is a schematic representation of the gas line with and 
without purifiers and the LP-CVD furnace to clarify the method used in this thesis. It is 
noteworthy to mention that we have conducted experiments to quantify the amount of oxygen in 
the chamber using mass spectrometers. However, the results of our experiments were 
inconclusive and therefore are not reported in this thesis. 
 
 
 
 
Figure 3-2. Schematic of the typical CVD growth process. Broad lines depict the temperature profile. The 
fine solid lines represent the partial pressure of the specific gas present during the annealing, growth, and 
cooling stages (i.e : H2 purple and CH4 green). 
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3.1.1  Gas grades and suppliers 
 
We used hydrogen (Praxair, UHP, grade 5, O2 < 1ppm), methane (Praxair, UHP, grade 3.7, 
O2 < 15ppm), argon (Alfagaz, UHP, grade 2, O2 < 1ppm), and carbon dioxide (Praxair, 
Anaerobic, grade 4, 99.99% purity) throughout our experiments. 
 
3.1.2  Gas purifiers  
The process of gas purification deals with the removal of unwanted species from the source. Our 
experiments require the gas mixtures to be free of oxygen, therefore we used specific purifiers 
for each UHP gas using in our experiments to minimize the level of oxidizing impurities flowing 
into the chamber where the CVD process was taking place.   
 
 
Figure 3-3. Schematic representation of the gas line and the CVD furnace without (a) and with (b) 
purifiers.  
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3.1.2.1 DEOXOTM (Hydrogen purifier) 
 
For H2 (Praxair, UHP, grade 5, O2 < 1ppm), we used DEOXO
TM
 (O2 < 1ppb).  DEOXO 
hydrogen purifier provides pure hydrogen with less than 1<ppb of oxygen. The catalytic 
combination of oxygen and hydrogen is performed actively in the presence of the palladium 
catalyst deposited on a support of aluminum oxide and leads to the formation of water [96]. Note 
that the combination of hydrogen and oxygen reaction in the presence of the catalyst is extremely 
fast at room temperature, making the DEOXO purifier convenient and most importantly efficient 
to use for industrial processes [96]. Figure 3-4 is a schematic representation of the reaction 
occurring in the DEOXO hydrogen purifier. 
 
 
 
 
 
 
 
 
 
3.1.2.2 SAES Pure Gas Inc. (Methane, Argon, and CO2 purifier) 
 
 We used SAES Pure Gas Inc. MC1-950FV (H2O and O2 < 1ppbV) for CH4 (Praxair, UHP, 
grade 3.7, O2 < 15ppm), MC1-902FV (H2O and O2 < 1ppbV) for Ar (Alfagaz, UHP, grade 2, O2 
< 1ppm), and MC1- 804FV (H2O and O2 < 1ppbV) for CO2 (Praxair, Anaerobic, grade 4, 
99.99% purity). These purifiers are based on a Ni-support catalyst. Due to proprietary reasons, 
we do not have the specific information of the purifiers. However, we know, from a private 
Figure 3-4. Schematic representation of the catalytic combination of oxygen and hydrogen in the 
presence of the palladium catalyst deposited on a support of aluminum oxide and the formation 
of water. 
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communication, that the catalyst in the purifier works as a getter for oxygen molecules. 
Therefore, the production of the byproducts are either very limited or close to zero. The catalyst 
in the purifier saturates after approximately 2 years depending on the use, but most of the 
purifiers can be regenerated.  
3.1.3  Water trap 
 
In order to see the effect of water, a by-product of the DEOXO purifier, we installed a water trap 
after the DEOXO purifier. We cooled it down with liquid nitrogen all along the experiments.  
3.1.4  Copper chemical cleaning  
 
Prior to each growth the Cu foils (Alfa Aesar 13382, 99.8% purity, 0.025 mm thick) were 
chemically cleaned in 1 M acetic acid (Sigma Aldrich, Reagent Plus > 99%) at 60 ºC followed 
by acetone and then 2-propanol (without drying) for 10 min in each step. The Cu substrates are 
then blown-dried with nitrogen [97]. 
3.2  Graphene transfer 
 
The transfer method is adapted from the procedure in reference 71. Once the graphene film is 
formed on copper and the characterization on copper foils is done, the poly methyl methacrylate 
(PMMA, M.W. 15000 GPC, Acros organics, 4% in chlorobenzene) solution is spin coated on 
one side of the graphene/ copper foils at 4000 rpm for 30 s and dried in air at room temperature 
for 1 hour. Next the graphene layer on the other side of the copper foil is etched away by 
Reactive Ion Etching (RIE) technique using 10 sccm of O2 at 125 mTorr for 1 min at a 100W 
power. [Note that graphene is grown on both sides of the copper foils in the CVD furnace; in 
order to achieve single layer graphene on the Si substrate, the graphene grown on one side of the 
copper needs to be etched away]. Next, the copper is etched away using 0.1 M ammonium 
persulfate (Reagent, ACS 98+%, Acros Organics) at room temperature. Once the copper is 
etched the PMMA/graphene layer floats on the surface of the etchant solution. The 
PMMA/graphene is then transferred to DI water for rinsing using a glass slide. After rinsing, the 
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target substrate is placed in water with a tilting angle of approximately 30° underneath the 
floating film. Water is pulled out using a syringe to lower the film onto the substrate while 
positioning the film simultaneously with the syringe. After drying, the PMMA/graphene 
transferred on substrate in vacuum for several hours, the PMMA/graphene/substrate is then put 
in the acetone bath to remove the PMMA. The graphene/substrate is air dried for subsequent use 
and optical and electrical characterization [71]. A schematic of the graphene transfer method is 
shown in Figure 3-5 [71]. 
 
 
 
 
 
 
 
 
 
 
3.3  Electron microscopy 
 
In this project, we used scanning electron microscopy (SEM), scanning auger microscopy 
(SAM), and low energy electron microscopy (LEEM) in order to characterize our samples. 
3.3.1 Scanning electron microscopy (SEM) 
 
SEM imaging is particularly well-suited for characterizing graphene films on copper substrates 
as it is a rapid, non-invasive, and effective for imaging the different morphologies of graphene. 
SEM is also able to detect impurities, ruptures, folds, holes present on the surface of graphene 
films, and most importantly discontinuities of synthesized or transferred graphene on a variety of 
Figure 3-5. Schematic illustration of graphene transfer processes to the flat substrate. See text for the 
procedure. Reprinted from Ref. [71], © 2011, American Chemical Society. 
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substrates [98-101]. Special conditions are needed to image an atomic-thick graphene layer 
because it is highly transparent to high energy electron beams. The SEM image is simply 
sensitive to the morphologies of the substrate beneath the graphene rather than the graphene 
layer itself. Also, in some cases, graphene films are too smooth to produce sufficient contrasts. 
Therefore, graphene films imaging should be performed with a field emission scanning electron 
microscope (FE-SEM) with low voltage- small beam to specimen interaction volume- in order to 
enhance the contrast and capability of displaying surface details [98, 99].  
We used a Hitachi S-4700 field emission microscope in order to image the graphene films grown 
on copper and transferred on SiO2/Si substrate. The accelerating voltage is at 1kV and the 
working distance was set to 4.8-5.8 mm. The microscope has been operated in its ultra high 
resolution mode (resolution ~ 2 nm) and the top and side secondary electron detectors were 
enabled. The current of the beam was limited to 10 µA in order to avoid beam induced damage 
to the graphene film.  
Figure 3-6 shows typical SEM images of continuous and uniform graphene films on copper, and 
transferred to a SiO2/Si substrate. Based on the contrast in the images, as the number of graphene 
layer increases, fewer secondary electrons can escape from the surface, thus the detected signal 
decreases which leads to a darker contrast.  
 
 
 
 
 
 
 
 
 
Figure 3-6. Representative SEM images of a) graphene film grown on copper foil via CVD, and b) 
transferred graphene on SiO2/Si substrate. 
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It should be noted that we used a different field emission scanning electron microscope (SEM-
JSM-7600F) for the most recent samples since the other SEM (Hitachi S-4700) was not 
operational. The accelerating voltage is at 1 kV and the working distance was set to ~10 mm. 
The lower secondary electron detector was enabled in order to get the best possible contrast and 
resolution. The current of the beam was limited to 7 µA. Figure 3-7 compares the images taken 
from the two different microscopes. There is no fundamental difference between the two images 
in terms of data analysis and interpretation, however, finer surface morphologies such as copper 
steps can be observed with the more recent JSM-7600F field emission electron microscope. Note 
that the narrow dark lines are graphene wrinkles being a signature of CVD graphene grown on 
copper foils. These are associated with the difference of thermal expansion coefficients between 
graphene and Cu during the CVD process. In the case of non-continuous and etched graphene 
films, copper is brighter and the graphene film is darker in contrast. 
 
 
 
 
 
 
 
 
 
3.3.2  Auger electron microscopy 
 
Scanning Auger Microscopy (SAM) is a combination of the techniques of SEM and Auger 
Electron Spectroscopy (AES). It is an analytical method widely used to investigate the 
composition of thin films and solid surfaces [102-104].  
Figure 3-7. Graphene film grown on copper foil via CVD.  Image taken with SEM a) Hitachi-S4700 and 
b) JSM-7600F. 
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We used an Omicron NanoScanning Auger Microscopy (SAM) with a thermal field emitter. The 
energy is 8kV and the beam current is 3.0 nA. The pressure in the chamber is 1x10
-9
 Torr. The 
survey spectra has an energy step of 1 eV with a retard ratio of 10. An important instrument 
limitation worth mentioning here is that the yield of Auger electrons is not great for primary 
electron energies outside of the range of 3-15 kV thus the 8 kV energy chosen here was the most 
efficient. Figure 3-8a is a representative SEM image of the graphene on copper. Figure 3-8b is a 
zoom in image and the square in this SEM image indicating the raster area measured in the AES 
spectrum (Figure 3-8c). Note that the spheres found on this sample were charging and moving 
during the measurement and this resulted in visible jumps in the spectrum. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-8. a) SEM image of graphene grown on Cu foil taken with NanoSAM, b) zoom in image of a, 
and c) the Auger spectrum taken from the square (raster area) in b. 
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In order to analyze the chemical composition of our samples, the Auger electron spectra taken 
from the region of interest (raster area) were differentiated using the built in software (Thermo 
Avantage v4.75). The ratio of the elements of interest (i.e C/Cu) were reported which is simply 
the ratio of the peak-to-peak height of Carbon (C) and Copper (Cu) Auger signal. Figure 3-9a is 
a representative SEM image of our samples. Figure 3-9b is actual Auger spectrum for the raster 
area and Figure 3-9c is the differentiated spectrum. 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.3.3  Low energy electron microscopy (LEEM) 
 
Low energy electron microscope (LEEM) is a powerful and versatile tool to characterize 
surfaces of thin films. Its capability to image surfaces along with good spatial and temporal 
resolution makes it superior to other surface imaging microscopy. In LEEM, high energy 
Figure 3-9. a) SEM image of graphene on Cu taken with NanoSAM, b) the actual Auger spectrum of the 
raster area in a and c) the differentiated spectrum. 
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electrons (15-20 keV) are emitted from the electron gun, however they are decelerated to an 
energy of a few eV since the sample is held at a potential near that of the gun. The strong 
interactions of these low energy electrons with the matter/specimen limit the information depth 
to a few atomic layer which yields extreme surface sensitivity [105].  
Figure 3-10 demonstrates the basic layout of a low energy electron microscope. As shown in the 
image, electrons leave the electron gun at kinetic energies between 10 to 20 keV. The electron 
source can be thermionic or field emission one. These high-energy electrons pass through the 
condenser lens system responsible for focusing the electrons and positioning the beam at the 
entrance of magnetic prism array [106]. A point source image being formed by the condenser 
lens system transferred to the back focal plane of the objective lens by the prism array which 
deflects the beam through a 90° angle toward the surface. Note that electrons flying to the right 
from the prism array to the objective lens and sample chamber still have high energies. Since the 
sample is biased close to 15 kV, once the electrons pass through the objective lens, they are 
slowed down and decelerated to an energy of only a few eV and interact with the sample surface 
with very low kinetic energy on the order of 0-50 eV. These slow electrons are diffracted back 
from the sample to the objective lens. When reaching the objective lens, once again they are 
accelerated back due to the potential difference between the objective lens and the sample 
surface [105, 107]. These high-energy electrons are deflected downward into the projection 
column by the magnetic prism array. These projection lenses are responsible for magnifying and 
focusing the image or diffraction patterns onto the channel plate phosphor screen. The image 
become visible and is recorded using a video camera outside the vacuum chamber [105-108].  
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Image contrast is formed due to electron reflectivity variations originating from the structural, 
chemical, and magnetic properties of the sample surface. Once low energy electrons hit the 
surface, the electrons are diffracted and a low energy electron diffraction pattern (LEED) forms 
in the back focal plane of the objective lens. Using a contrast aperture in the imaging column, 
one of the diffracted beam can be chosen for imaging. If the (0,0) beam is selected, the resulting 
image is called a bright-field image. Images taken with any other beam are called dark-field 
images [105-108]. This is called diffraction contrast in LEEM [105]. Figure 3-11 shows dark and 
bright field images of Si (100). 
Figure 3-10. Schematic diagram of low energy electron microscope. Reprinted from Ref. [107]. Web 
accessible. 
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Figure 3-11. LEEM images taken with our LEEM. a) Bright field LEEM image of Si (100). The lines are 
indicative atomic steps that separate the (1x2) and (2x1) terraces. b and c) Dark field LEEM image of the 
Si (100) surface. Alternating (1x2) and (2x1) terraces appear black and white, respectively. 
 
It should be noted that in the case of crystalline samples such as graphene, elastic electron 
scattering is accompanied by diffraction from the crystal lattice. Thus, along LEEM as an 
imaging technique, most of the samples are also studied by low energy electron diffraction 
(LEED) as a complementary technique to access reciprocal space information. LEED provides 
insight on the diffraction patterns, being a supplementary information on the crystallographic 
orientation of deposited films [105, 108].  
In our case, LEEM was performed at 2.4 eV kinetic energy in the UHV chamber (base pressure 
4x10
-10
 mbar) using a FE-LEEM P90 from SPECS-GmbH.  
3.4  Raman spectroscopy and Raman imaging 
 
Raman Spectroscopy is a convenient technique to identify and count the number of graphene 
layers [62]. This spectroscopic technique is based on inelastic scattering of monochromatic light, 
usually from a laser source. The laser light interacts with molecular vibrations, phonons or other 
excitations in the system, leading to an energy shift, the so called Raman effect. This shift 
provides information about vibrational, rotational and other low frequency transitions in 
molecules. Single layer graphene cannot be seen under the optical microscope on most 
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substrates; it can only become visible when deposited on oxidized Si substrates with a finely 
tuned thickness of oxide layer (typically, 300 nm SiO2). Raman fingerprints for single layers, 
bilayers, and few layers reflect changes in the electron bands and allow clear, high-throughput, 
nondestructive identification of graphene layers [62, 109].  
Our Raman microspectroscopy measurements are performed at room temperature with a 
Renishaw Invia spectrometer with a laser wavelength of 514 nm. A 50X objective (N.A.= 0.55) 
focuses a 4 mW laser beam to a probe spot about 1 µm in diameter. Figure 2-2 of chapter 2 
shows the 514 nm Raman spectrum of graphene layer transferred on SiO2/Si substrate. The two 
most intense features are the G peak at 1580 cm
-1
 and a band at 2700 cm
-1
 historically named G' 
(or 2D). An additional peak observed in the spectrum is the D peak, which can be seen around 
1350 cm
-1
. The absence of a D peak in the spectrum can be a proof of the absence of significant 
number of defects.  
Raman imaging was carried out using a widefield hyperspectral Raman imager RIMA
TM
 based 
on a Bragg Tunable Filter (BTF) technology [110]. In order to guarantee a uniform illumination 
over the entire field of view of the microscope objective, a single mode laser passes through a 
custom beam shaping module. In our measurements, a continuous wave (cw) laser line at =532 
nm illuminates a 100 x 100 µm
2
 sample surface area through a 100X microscope objective 
(N.A=0.9). The light emitted from the sample is collected and collimated with the same objective 
and is sent to the Bragg tunable filter where a single wavelength of the whole image is reflected. 
This reflected beam is then focalized by a lens on a charge couple device (CCD) camera. 
Turning the Bragg filter allows to scan over wavelengths with a step of 0.05-0.1 nm and thus 
form a series of monochromatic images. The combination of these images provides access to the 
spectral information. In this configuration, the sample is excited with a fluence of 150 μW.μm-2, 
the acquisition time is 120 sec per step and the resolution is diffraction limited.  
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4 CHAPTER 4: ARTICLE 1: "NO GRAPHENE ETCHING IN PURIFIED 
HYDROGEN." 
4.1  Abstract 
 
A systematic study has been conducted to investigate the role of hydrogen in the etching reaction 
of graphene films grown on copper foils. The results at 825 °C and 500 mTorr showed no 
evidence of graphene etching by purified Ultra High Purity (UHP) grade hydrogen, whereas 
graphene films exposed to unpurified UHP grade hydrogen have been considerably etched due to 
the presence of oxygen or other oxidizing impurities. This finding reveals not only the major 
impact of oxidizing impurities in the graphene etching reaction, but also entails understanding 
and controlling the graphene chemical vapor deposition mechanism on copper substrates. 
4.2  Introduction 
 
Commercial developments of graphene-based devices require a technique to produce high 
quality films over large areas.
1-3 
To this date, graphene Chemical Vapor Deposition (CVD) 
growth on copper foils exhibits great potential for mass-producing large area graphene films in a 
controllable and effective way.
4,5
 In graphene CVD, carbon-rich gaseous species, most 
commonly methane, react with the metal substrate at high temperature (900-1050 °C) in the 
presence of hydrogen, leading to the decomposition of carbon species and the nucleation of 
graphene crystals.
4-6
 Recently, studies demonstrated that hydrogen and pressure are crucial 
parameters impacting the CVD growth of graphene.
7-11
 However, the role of hydrogen, the 
concentration of which has been altered enormously in literature from zero 
8
 to thousands times 
the amount of hydrocarbon precursor, raises fundamental skepticism thus far.
 7-15
 Indeed, studies 
on the role of hydrogen in graphene CVD growth concluded that hydrogen not only has a 
significant influence on the size and morphology of the resulting graphene domains, but can also 
etch graphene films.
15-17
Apart from UHV-CVD growth
18-20
, these experiments along with a 
growing number of articles in the last year suggest that molecular hydrogen is an etchant in 
graphene low pressure LP-CVD and atmospheric pressure AP-CVD, yet its presence is required 
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for the growth.
7-12
 This dual functionality as etching agent and growth activator 
13-17,21 
appears 
contradictory and improbable, since molecular hydrogen neither dissociates nor adsorbs on clean 
copper surfaces.
22,23
 Surface science and catalysis experiments established that metals of group 
XI with filled d-levels are not versatile catalyst for hydrogenation reactions because they fail to 
be active in hydrogen chemisorption.
23-25
 Taking these into account and examining thoroughly 
the results of graphene etching experiment conditions, one can realize a common point: the 
etching becomes apparent at a hydrogen pressure where the partial pressure of contaminants, 
(considering Ultra High Purity (UHP) grade hydrogen) becomes comparable to the standard base 
pressure of LP-CVD furnaces. One might then question whether the small amount of oxidizing 
impurities in the feedstock could be responsible for the etching reaction. We have then devised a 
set of experiments to address this crucial question.  
In this communication, we show using annealing experiments that hydrogen is not the culprit for 
graphene etching under controlled atmosphere. Instead, small amounts of oxidizing impurities 
are found to be responsible for graphene etching through the catalytic action of copper. In our 
systematic study, we have monitored graphene morphologies following annealing treatments 
performed under vacuum, in UHP grade H2 (99.999%, O2<1ppm) and in purified UHP grade H2 
(O2<1ppb) atmosphere. Following each treatment, the graphene samples were imaged with a 
scanning electron microscope (SEM) and their quality assessed by Raman spectroscopy.  
4.3  Experimental methodology 
 
 raphene films were grown on 25 μm thick Cu foils (Alfa Aesar, item no. 13382) at 1000 °C in 
a 1.5 inch. diameter fused quartz tube at low pressure. The system consists of a manifold capable 
of UHV conditions where the gases are introduced into the chamber. The system’s base pressure 
prior to gas insertion is below 5x10
-6
 Torr. The Cu foils were heated to 1000 °C and annealed at 
this temperature for 30 min under the flow of H2 at 50 mTorr. In order to grow graphene, CH4 
was introduced into the chamber and the total pressure reached 500 mTorr. After 45 min (growth 
time), the chamber was cooled down to room temperature under the flow of H2 and CH4.
5
 
Graphene samples were examined under SEM (Hitachi S-4700) prior to any treatment.  
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4.4  Results 
 
All the annealing experiments were conducted in the same CVD system at the specific 
temperature and pressure, (825 °C and 500 mTorr), for which the highest graphene etch rate has 
been reported in literature.
17
 In order to confirm that the vacuum level of 5x10
-6
 Torr of our 
system has no effect on graphene samples at the process temperature, a control annealing 
experiment has been conducted. Figures 4-1 a and b show the SEM images of the as-grown 
graphene film on copper and the vacuum annealed samples, respectively, demonstrating 
continuous, uniform, and large area graphene films in both cases. Samples were then exposed to 
a flow of as-received UHP hydrogen at 825 °C for 30 minutes maintaining a system pressure of 
500 mTorr during the process. SEM images from the samples exposed to the flow of unpurified 
UHP grade hydrogen show etched areas similar to what has been previously reported by Zhang 
et al.
17
 (Figure 1c). In order to observe the true effect of hydrogen and test our hypothesis on the 
role of oxidizing impurities, a hydrogen purifier (DEOXO
TM
, O2<1 ppb) was installed to provide 
purified hydrogen from the same hydrogen bottle used in the previous process. The same H2 
treatment described above was then conducted with purified UHP grade hydrogen on as-grown 
graphene films. Samples examined under the SEM showed no evidence of graphene etching 
from purified UHP grade hydrogen (Figure 4-1d).  
 
 
 
 
 
 
 
 
 
 
 
Figure 4-1. SEM images of (a) as-grown graphene film on copper foils, and annealed samples at 825°C 
for 30 min (b) under vacuum, (c) in unpurified UHP grade H2, and (d) in purified UHP grade H2. 
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To further examine the results and confirm our hypothesis, as-grown, vacuum, unpurified, and 
purified UHP grade hydrogen treated samples were transferred onto a 100 nm SiO2/Si substrate 
using the transfer technique reported in reference 26. Figures 4-2 (a-c) are SEM images from the 
transferred as-grown, vacuum, and unpurified UHP grade hydrogen treated samples, 
respectively. As shown previously in Figure 4-1c, it is evident that graphene film annealed in 
unpurified UHP hydrogen has been etched from some areas, mostly along the wrinkles. We have 
also observed anisotropic etching similar to what has been previously reported by Zhang et al. 
17 
Figure 4-2d is an SEM image from a graphene film annealed in purified UHP grade hydrogen 
and then transferred on a Si/SiO2 substrate. The graphene layer is uniform and continuous over a 
large area, and has not been substantially modified by the annealing treatment.  
Micro-Raman spectroscopy measurements (Renishaw Invia, λ=514 nm) have been carried out on 
the transferred graphene to determine the number of layers as well as the quality of graphene 
films. Figure 4-2e presents typical Raman spectra averaged from 400 points collected over the 
entire surface of each sample. The intensity ratio of peak 2D over G (I2D/IG) is ~ 3.2 and the 2D 
peak has a full width at half maximum (FWHM) of ~ 27.5 cm
-1
, confirming the formation of 
single layer graphene (SLG).
5,14,26
 The D peak, associated with the presence of defects in the 
graphene, has a very low intensity, indicating that the graphene film maintains high quality after 
transfer. 
26
 The Raman spectrum from the purified UHP grade hydrogen treated graphene film 
exhibits a broadened D peak at ~ 1350 cm
-1
,
 
which is indicative of the presence of disorder 
27 
and 
amorphous carbon.
28
 However, no significant change has been observed in the case of films 
treated in unpurified UHP grade hydrogen. This phenomenon further highlights the presence of 
oxidizing impurities in the feedstock, which led to etching of excess amorphous carbon and 
growth-induced defects, potentially making graphene films less defective.  
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To highlight the role of copper, we have also conducted identical annealing studies with 
unpurified hydrogen for graphene films transferred on SiO2/Si substrate. No etching was 
observed, which is in agreement with studies reported in the literature.
14,17
 This phenomenon 
suggests that oxidizing impurities do not etch graphene films directly at this temperature (825 
°C) and that the substrate plays an active role in the etching process. The oxidation mechanism 
of graphene on metals have been elucidated on Ru and Ir.
29-31
 It is been observed that preferential 
etching of graphene point defects and edges become visible on metals due to their catalytic 
activity, which facilitate the dissociation of oxygen.
29-31
 On copper, the etching mechanism 
appear similar although further investigation is required to indentify the differences in graphene 
etching pathways on copper substrates. 
 
 
 
Figure 4-2. SEM images from CVD graphene transferred on SiO2/Si substrate. a) as-grown, b) vacuum, c) 
unpurified,  and d) purified UHP grade H2 treated samples. e) Raman spectra (λ=514 nm) from as-grown, 
vacuum treated, unpurified and purified UHP grade H2 treated samples. 
58 
 
 
 
4.5  Discussion 
 
Our findings show that the existence of various graphene CVD growth recipes can be explained 
by considering differences in conditions from furnace to furnace. Various sealing conditions, 
different level of contaminants in gas lines, and most importantly, process gas purity are key 
parameters in defining the optimum growth conditions. The implication of these growth 
parameters is evident in the original graphene CVD growth recipes,
5
 where a continuous flow of 
methane and hydrogen is kept during cooling down in order to yield uniform and continuous 
graphene films.
5,6,16,17
 Considering the role of oxidizing impurities identified here, the CH4/H2 
flow appears necessary for preventing etching, most likely by the means of a competitive action 
with carbon growth. This surprising chemistry was investigated further by performing additional 
experiments in which the methane was turned off during cooling down, leaving only purified 
UHP grade hydrogen in the CVD system. As expected, the SEM images showed continuous, 
uniform, and large area graphene. Moreover, we have performed similar CVD growth studies 
with solely methane, serving a double role: Copper oxide reducer and carbon supply for growth. 
The results showed non-continuous and etched films of graphene. This can be explained 
considering graphene etching by oxidizing impurities in UHP grade methane bottle (O2< 15 
ppm). These results, to be reported in details elsewhere, further confirm the significant impact of 
the presence of oxidizing impurities in the feedstock for the growth of graphene on copper 
substrates.  
 
4.6  Conclusion 
 
In summary, our results show no evidence of graphene etching in purified hydrogen. On the 
contrary, they prove that oxidizing impurities are responsible for etching reactions. We also 
report that the catalytic role of copper is not only essential in the growth process but also during 
etching. The amount of oxidizing impurities can no longer be ignored in the future growth 
recipes since they control the balance between growth and etching, which is crucial for further 
improving graphene film quality and developing large single crystal graphene layers. 
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4.7  Supporting information 
 
Since water is the byproduct of the DEOXO
TM 
 hydrogen purifier, we have installed a water trap 
after the purifier and conducted the graphene annealing experiments with purified hydrogen.  In 
the figure below, we compared the SEM image of as-grown graphene sample on copper with the 
one annealed in purified hydrogen at 825 °C for 30 min. As seen in the image, the graphene film 
stays intact after the annealing with the presence of water trap and no etching is observed. This 
confirms that the presence or absence of the purifier byproduct does not affect the graphene 
morphology. 
 
 
 
 
 
 
 
 
 
 
 
Figure S1. SEM images of graphene films grown on copper foil a) as-grown, and 
b) annealed in purified H2 for 30 min at 825 °C in the presence of the water trap. 
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Moreover, SEM images (Figure S2) of our samples show an excess amount of white particles 
present on the surface. We used scanning auger microscopy (SAM) to analyze the chemical 
composition of these particles. The Auger spectra of the particles shows elements such as Cu, C, 
O, and Si. The existence of Cu and C is obvious since the sample is graphene grown on copper.  
Oxygen can also be present. The Si and O peak indicate that these particles are composed of SiO. 
These particles are believed to come from the quartz tube in the CVD chamber during annealing 
and growth experiments. This is in agreement with the measurements conducted by Zhang et al 
17
. Figure S2 is an SEM image of the graphene grown on copper with the particles. The square in 
this SEM image indicates the raster area measured in the AES spectrum below. Note that the 
spheres found on this sample were charging and moving during the measurement and this 
resulted in visible jumps in the spectrum. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S2. a) SEM images of graphene grown on Cu foil taken with scanning 
auger microscopy (SAM), b) zoom in image of a, and c) the Auger spectrum 
taken from the square (raster area) in b. 
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5 CHAPTER 5: ARTICLE 2: "GRAPHENE CVD: INTERPLAY BETWEEN 
GROWTH AND ETCHING ON MORPHOLOGY AND STACKING BY 
HYDROGEN AND OXIDIZING IMPURITIES." 
5.1  Abstract 
The growth of high quality graphene layers by chemical vapor deposition (CVD) has been found 
to strongly depend on growth conditions with results varying greatly from one laboratory to 
another for nominally identical conditions. We report the results of a systematic investigation of 
the role of hydrogen and oxidizing impurities present in the gas feedstock during the growth and 
cooling stages in low-pressure CVD on copper. First, we show that for a partial pressure of 
oxidizing impurities below 1 ppb, hydrogen is not required for graphene growth from methane. 
Secondly, we demonstrate that purified hydrogen does not etch graphene films at typical growth 
temperatures. Third, a flow of purified hydrogen during cooling counterbalances graphene 
etching by oxygen, thus protecting the films. Films grown under high purity conditions (low 
level of oxidizing impurities) exhibit a higher bilayer and multilayer coverage; Surprisingly some 
of these bi- and multi-layer graphene islands are twisted with respect to the first graphene layer 
as revealed by hyperspectral Raman imaging. Overall, this growth behavior suggests a 
competitive action between film growth from the carbon precursor and etching by the oxidative 
species. Our results provide new fundamental insights on the graphene CVD growth, 
highlighting the important yet indirect role of hydrogen and its major influence on controlling the 
action of oxidizing impurities on nucleation and etching during the growth process.  
5.2  Introduction 
 
Chemical vapor deposition (CVD) of graphene on copper substrates demonstrates great potential 
for its large-scale production and its integration in industrial applications 
1-4
. The most popular 
route for graphene growth was first presented by Li et al. 
2
; it involves a low-pressure mixture of 
methane and hydrogen flowing over a copper substrate heated to a temperature of ~1000 °C, a 
value slightly below its melting point. Ever since, a plethora of publications investigating a vast 
array of graphene synthesis conditions has followed 
3-13
. Notably, considerable efforts have been 
invested on varying the hydrogen and methane flow ratio in order to control the shape and 
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growth of graphene domains 
6-12,14
. In particular, the role of hydrogen, which is often considered 
to be essential for growth, became the subject of intense research 
15-19
. While most studies 
conclude that hydrogen is required for graphene CVD 
15,18
, few groups reported hydrogen-free 
growth in the sole presence of methane as the carbon source 
10,20,21
. 
Consequently, several articles report experiments designed to investigate the role of H2 on the 
etching of graphene films at high temperature 
11,15,16,19,22
. A careful analysis of these articles 
reveals numerous inconsistencies which we recently attributed to the presence of traces of 
oxidizing species in the gas feedstock 
21
. Indeed, the fact that many publications define H2 as an 
etchant during growth and post-growth processing appears improbable since H2 neither 
dissociates nor adsorbs on clean Cu surfaces 
23,24
. Moreover, straightforward calculations reveal 
that the levels of oxidizing impurities in mixtures of commercially available ultra-high purity 
(UHP) gases are of comparable magnitude to the standard base pressure of the low pressure 
CVD (LP-CVD) chamber and that they are sufficient to play a significant role during the thermal 
treatment 
21
. We thus devised systematic annealing experiments, similar to those reported by 
Zhang et al. 
16
, but with a fundamental difference: Gas purifiers were added on the existing UHP 
grade hydrogen gas bottle in order to minimize the amount of oxidizing impurities flowing into 
the annealing chamber. We revealed that, contrary to common belief, H2 does not etch graphene 
during post growth anneals 
21
. Indeed, we found the films to be perfectly stable when annealed at 
825 °C under a flow of purified UHP H2 whereas etching occurs during anneals in unpurified 
UHP H2. We also showed, by carrying out experiments on as-grown graphene on Cu as well as 
on layers transferred on SiO2, that Cu plays a catalytic role not only for growth but also for 
etching 
21
. 
In practice, it is very difficult to completely eliminate the presence of oxidizing impurities during 
graphene CVD. These impurities – which originate from the gas feedstock, air leaks into the 
chamber, and the copper substrate 
25
 – can significantly impact graphene growth conditions by 
altering the balance between growth and etching 
21,26
. Many articles report major efforts for 
optimizing the quality of graphene films by varying, for example, H2 to CH4 ratios, precursor gas 
flow rates and total reactor pressure 
9,11,22
. Based on the above discussion, we believe that the 
wide range of reported growth conditions in this increasingly abundant literature is linked to the 
presence of oxidizing impurities in the CVD chamber before, during, or after growth. Whether 
the hydrogen reducing agent acts to suppress the etching effect of oxygen on graphene films or to 
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promote it, as suggested in many papers, is an important question that requires further 
investigation. 
We report in this article the results of experiments designed for clarifying the role of H2 and 
oxidizing impurities during graphene growth from CH4 on copper foils at 500 mTorr pressure 
and at high temperature (in the 950-1000 ºC range). We first show that high purity molecular 
hydrogen does not etch graphene films on copper even at the growth temperature of 950 °C. 
Taking advantage of gas purifiers, we designed a series of experiments to decouple the role of 
oxidizing impurities, methane, argon, and hydrogen during the growth and post-growth process 
steps. For extremely low levels of oxidizing impurities, the presence of H2 is not required for 
growing high quality graphene layers. That is, continuous and uniform graphene films were 
successfully grown using solely purified CH4 (O2 < 1 ppbV), which serves a double role as a 
copper oxide reducer and carbon supply for growth. Under standard conditions (unpurified 
gases), however, a flow of CH4/H2 was necessary during cooling for preventing etching. These 
results reveal a competitive action between oxidative etching and carbon growth, which balance, 
for a given CH4/H2 ratio, depends on the partial pressures of oxidative impurities in the gas 
feedstock. Following the growth stage, the graphene films can be protected from the detrimental 
effect of oxygen in the absence of CH4 by flowing purified UHP H2 during cooling. Our study 
confirms the etching effect of oxidizing impurities introduced from as-received gas bottles and 
by leaks at high temperature, and establishes their determining role for the optimum conditions 
of graphene low-pressure CVD (LP-CVD). It also demonstrates that oxidizing impurities are 
responsible for the observed graphene etching and that the primary role of hydrogen is to 
suppress and counter-balance this etching reaction. 
 
5.3  Experimental details  
5.3.1  Graphene growth  
 
Graphene films were grown on 25-µm-thick Cu foils (Alfa Aesar, item no. 13382) at 950-
1000 ºC in a 3.8-cm diameter (1.5 inch.) fused quartz tube inside a horizontal furnace 
(Lindberg/Blue M, Thermo Scientific) under low pressure conditions using H2/CH4, purified 
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UHP H2/unpurified CH4, and purified Ar/CH4 gas mixture, as well as unpurified CH4 and 
purified CH4 gas. The system is equipped with a manifold capable of ultra high vacuum (UHV) 
conditions. Prior to each growth, the system is evacuated to a vacuum of 5 x10
-6
 Torr using a 
turbo molecular pump. The copper foils are then heated to 1000 ºC and annealed at this 
temperature for 30 min under the flow, at 50 mTorr, of the specific gas used in each recipe. 
Then, growth is carried out at temperatures between 950 and 1000 °C for 45 min. with the 
reactor pressure maintained at 500 mTorr. Finally, the chamber is cooled down to room 
temperature, which takes about 100 minutes.  
The Cu foils were chemically cleaned in 1 M acetic acid (Sigma Aldrich, Reagent Plus > 99%) at 
60 ºC followed by acetone and then 2-propanol (without drying) for 10 min in each step. The Cu 
substrates are then blown-dried with nitrogen.  
The use of specific gas purifiers for each gas line is key to this investigation. We selected 
purifiers that allowed to decrease the residual O2 content in UHP gases to less than 1 ppbV: (i) 
For H2 (Praxair, UHP, grade 5, O2 < 1ppm), we use DEOXO
TM
 (O2 < 1ppb), (ii) for CH4 
(Praxair, UHP, grade 3.7, O2 < 15ppm), we use SAES Pure Gas Inc. MC1-950FV (H2O and 
O2 < 1ppbV), and (iii) for Ar (Alfagaz, UHP, grade 2, O2 < 1ppm), we use SAES Pure Gas Inc. 
MC1-902FV (H2O and O2 < 1ppbV). In order to carefully control the growth experiments, the 
purifiers are installed on the same gas bottles with which experiments with as-received gases 
were conducted. 
5.3.2  Graphene annealing experiments 
 
In order to permit comparison of the results of the annealing experiments with our previous work 
21
 and with the recent literature 
9,15,16
, graphene layers were grown using unpurified 450 mTorr 
CH4 and 50 mTorr H2 at 1000°C. The sample cleaning and growth procedures were those 
described in section 2.1. This procedure yields continuous and uniform films.  
The as-grown films were analyzed by scanning electron microscope (SEM) to verify that they 
were complete graphene layers. The samples were then placed inside the CVD chamber for 
carrying out the annealing experiments. The chamber was pumped down to 5x10
-6
 Torr. Samples 
were then exposed to a flow of either as-received or purified UHP hydrogen at 950 °C for 30 
minutes maintaining a system pressure of 500 mTorr during the process. The morphology of 
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each annealed graphene sample was examined using SEM and, in some cases, low-energy 
electron microscopy (LEEM).  
 
5.3.3  Graphene transfer 
 
Graphene layers were transferred onto SiO2 (100-nm-thick)/Si wafers by the commonly used 
method based on poly-methyl methacrylate (PMMA) support 
27
. First, a PMMA (M.W. 15000 
GPC, Acros organics, 4% in chlorobenzene) layer is spin-coated at 4000 rpm for 30 sec over the 
front side of the graphene/copper sample and dried in air at room temperature for 1 hour. After 
protecting the top graphene layer with PMMA, graphene grown on the back face is removed 
using an oxygen plasma (100 W for 1 min). The copper foil is then etched by immersing the 
copper-graphene-PMMA stack in 0.1 M aqueous ammonium persulfate (Reagent, ACS 98+%, 
Acros Organics). After complete Cu removal, the floating PMMA/graphene film is rinsed in DI 
water, transferred onto a SiO2/Si substrate, and dried in vacuum for approximately 1 hour. 
Finally, the PMMA is dissolved in acetone, and the sample is rinsed in isopropyl alcohol and 
blown-dried with nitrogen. 
 
5.3.4  Characterization 
 
Electron Microscopy: SEM was carried out using a Hitachi S-4700 microscope operated at 1 kV. 
Low Energy Electron Microscopy (LEEM) was performed at 2.4 eV kinetic energy in the UHV 
chamber (base pressure 4x10
-10
 mbar) using a FE-LEEM P90 from SPECS-GmbH.  
Raman Spectroscopy and imaging: Raman microspectroscopy measurements are performed at 
room temperature with a Renishaw Invia spectrometer with a laser wavelength of 514 nm. A 
50X objective (N.A= 0.55) focuses a 4 mW laser beam to a probe spot about 1 µm in diameter. 
Raman imaging was carried out using a hyperspectral Raman imager RIMA
TM
 based on a Bragg 
Tunable Filter (BTF) technology 
28
. In these measurements, a continuous wave (cw) laser line at 
=532 nm illuminates a 100 x 100 µm2 sample surface area through a 100X microscope 
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objective (N.A=0.9). In this configuration, the sample is excited with a fluence of 150 μW.μm-2, 
the acquisition time is 120 sec per frame and the resolution is diffraction limited. 
5.4  Results  
5.4.1  Graphene annealing experiments 
 
As indicated above, we have already demonstrated that purified UHP hydrogen does not etch 
graphene films deposited on Cu substrates when annealed at 825 °C [21], whereas films were 
significantly etched by oxidizing impurities when treated in as-received UHP H2. Building upon 
these results, we have conducted further annealing studies for investigating the effects of H2 and 
oxidizing impurities at 950 °C, a value within the range of typical graphene growth temperatures. 
Figure 5-1a shows a SEM image from an as-grown graphene layer. The film is continuous with 
small areas exhibiting the growth of a 2
nd
 graphene layer. These films are comparable to the best 
reported data 
2
. Films annealed for 30 min at 950 °C in unpurified UHP H2 are considerably 
etched, as depicted in the SEM micrograph of Figure 5-1b. Only small patches of graphene 
remain visible on the surface. The samples were transferred on SiO2/Si for further analysis and it 
is confirmed by Raman spectra and SEM contrast that the small patches are indeed graphene (see 
supplemental information, Figure 1S). In stark contrast, Figure 5-1c reveals that the same 
annealing procedure carried out in purified UHP H2 has virtually no effect on the graphene films.  
 
 
 
 
 
 
 
 
  
Figure 5-1. SEM images of (a) as-grown graphene film on a copper foil, and annealed samples at 950 °C 
for 30 min in 500 mTorr of (b) unpurified UHP-grade H2, and c) purified UHP-grade H2. 
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These observations confirm that molecular hydrogen does not etch graphene films on Cu at 
typical growth temperatures and partial pressures. These results also highlight that partial 
pressures of oxidizing impurities found in typical growth conditions are sufficient to activate a 
competing etching reaction pathway during graphene LP-CVD, even during the actual growth 
stage and sample cool-down. 
5.4.2  Graphene growth experiments 
 
We have carefully designed a series of experiments for clarifying the role of H2 and oxidizing 
impurities during graphene LP-CVD from CH4/H2 mixtures on copper foil. The typical graphene 
LP-CVD process in represented schematically in Figure 5-2. Temperature profile as well as gas 
sequences are presented as a function of time for the entire growth process starting from a pre-
deposition annealing stage to the graphene growth itself to the final cool-down phase. Figure 5-3 
depicts the complete set of experiments reported in this study. Each and every growth is 
conducted at least three times in the same conditions to confirm the results. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-2. Schematic of the typical CVD growth process. Broad lines depict the temperature profile. 
The fine solid lines represent the partial pressure of the specific gas present during the annealing, growth, 
and cooling stages (i.e : H2 purple and CH4 green) while the dashed lines are used to emphasize the fact 
that, for some experiments, gas flows were interrupted during the cool down period. Figure 3 presents the 
detailed gas sequences for all samples investigated in this study. 
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5.4.2.1 Growth from unpurified and purified methane 
 
In a first series of experiments, we wanted to establish if, as suggested by some authors 
15,18
, 
hydrogen is required for growing complete graphene layers. These experiments are also 
motivated by the fact that methane is used to reduce the copper oxide in chemical looping 
combustion for the production of carbon dioxide 
29
. 
The SEM image in Figure 5-4a, corresponding to a film grown with only unpurified methane 
present during all stages of the process (including the cool-down period), reveals that the 
graphene layers are incomplete when grown under these conditions. In stark contrast, the 
micrograph in Figure 5-4b corresponding to a film grown with only purified methane present 
during all stages of the process (including cool-down), clearly demonstrates that hydrogen is not 
required for obtaining complete graphene layers. These results indicate (i) that hydrogen is not 
required for graphene growth and (ii) that low level of oxidizing impurities in the absence of 
hydrogen are essential for achieving continuous and uniform graphene films.  
Figure 5-3. Growth experiments conducted in this study. Filled lines indicate the gas mixture used in each 
experiment. 
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5.4.2.2  Effects of methane and hydrogen during post-growth cooling 
 
Since the experiments described above reveal that graphene can be grown from methane alone, 
we wanted to investigate the role played by hydrogen when added to the gas mixture. The 
experiments, summarized in lines 3 to 8 of Figure 5-3, were devised to enable us to decouple the 
effects during the growth and cool-down stages. 
We begin with the original graphene recipe where unpurified hydrogen and methane are both 
present during growth and cooling. These films are complete as shown in Figure. 5-4c (Figure 5-
3, Run #3). In comparison, non-continuous films are obtained for samples grown with unpurified 
methane and hydrogen whether only hydrogen (Figure 5-3, Run #4) or methane (Figure 5-3, Run 
#5) are present during cool down (Figure 5-4d and e, respectively). Layers are also etched when 
cool down is carried out under vacuum as shown in Figure 5-4f (Figure 5- 3, Run #6). However, 
samples grown from unpurified methane and purified hydrogen but with only purified hydrogen 
during cool down (Figure 5- 3, Run #7) are continuous and uniform (Figure 5-4g). Graphene 
layers are also continuous and uniform (Figure 5-4h) when both purified hydrogen and 
unpurified methane are present during cool down (Figure 5-3, Run #8).  
We attribute this overall behavior to the presence of residual oxidizing impurities in UHP- 
hydrogen at levels sufficiently high to etch graphene at high temperature. The use of purified 
UHP hydrogen during cooling, when no methane is present, prevents graphene etching and leads 
to uniform and continuous films on the copper substrate. Moreover, the use of unpurified 
hydrogen and methane gases, taken separately, which contain a low level of oxidizing impurities 
(~1-15 ppm), readily leads to etching of graphene on copper at these high temperatures. Finally, 
we believe that the sample cooled under vacuum is etched as a result of small air leaks into the 
vacuum system, inherent to the O-ring type of sealing of LP-CVD setups. 
5.4.2.3  Growth (methane and purified argon) 
 
Since some growth experiments reported in the literature were conducted in Ar/H2 mixtures 
14,15
, 
a third set of experiments is performed by replacing hydrogen with purified argon (Figure 5-3, 
Line 9). This procedure aims to test the effects of inert gases, but also to exclude any steric effect 
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(occupying surface sites on copper) brought by hydrogen gas on the surface in graphene LP-
CVD. The SEM image in Figure 5-4i reveals that samples grown from unpurified methane and 
purified Ar are etched and non-continuous. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-4. SEM images of graphene films grown on copper foils at a temperature of 1000 ºC and a total 
pressure of 500 mTorr. a) unpurified methane (Fig. 5-3, Run #1), b) purified methane ( Fig. 5-3, Run #2), 
c) unpurified methane and UHP hydrogen (based on the original CVD recipe) (Fig. 5-3, Run #3), d) 
unpurified methane and UHP hydrogen during growth but only unpurified methane during cool down 
(Fig. 5-3, Run #4), e) unpurified UHP hydrogen and methane during growth but only unpurified UHP 
hydrogen during cool down (Fig. 5-3, Run #5), f) unpurified UHP hydrogen and methane during growth  
but both stopped during cool down (Fig. 5-3, Run #6), g) purified UHP hydrogen and unpurified methane 
during growth but only purified hydrogen during cool down (Fig. 5-3, Run #7), h) purified UHP 
hydrogen and unpurified methane growth both on during cool down (Fig. 5-3, Run #8) and i) purified 
argon and unpurified methane (Fig. 5- 3, Run #9). 
 
75 
 
 
 
5.4.3 Graphene multilayer growth in purified conditions 
 
The results presented in section 5.4.2 and summarized in Figure 5-4 demonstrate that continuous 
graphene films can be obtained in several ways. A careful analysis of SEM images nevertheless 
reveals that samples grown under purified conditions exhibit a higher density of graphene bilayer 
domains, a higher overall coverage of bilayers, and most importantly multilayers when solely 
purified methane is used for growth.  
We begin by comparing the samples grown using the original graphene growth recipe - 
unpurified methane and unpurified UHP hydrogen (Fig. 5-3, Run #3 & Fig.5-4c) - with samples 
grown using unpurified methane but purified UHP hydrogen (Fig.5-3, Run #8 & Fig.5-4h). The 
only difference between the two growth recipes is the gas purity level. A detailed analysis of 
SEM images of three batches of each growth recipe shows that the surface coverage of bilayer 
domains increases by a factor of ~2 (from 25±6.2 to 54±6.3% ), while the number of nucleation 
raises by a factor of ~ 2.5 when purified  UHP hydrogen is used. Furthermore, graphene growth 
using purified methane (Fig.5-3, Run #2 & Fig.5-4b) reveals even greater differences. 
Comparing the results in Fig.5-4c and Fig.5-4b, we note a higher density of graphene bilayer 
domains, a higher overall bilayer coverage, and most importantly several areas of multilayers 
growth (bilayers, trilayers, etc.) when solely purified methane is used. 
Moreover, graphene films grown on copper foils in a reducing environment, using purified 
methane and purified UHP hydrogen (Fig.5-5b), in which the levels of oxidizing impurities are 
very low compared to the original graphene growth recipe (Fig.5-5a), exhibit multilayer growth. 
This is similar to the case where purified methane is used solely during the growth and cool 
down phases (Fig.5-4b). Figure 5c is a LEEM image of a similar sample shown in the SEM 
image of Fig.5-5b. The contrast in the LEEM image unambiguously differentiates multiple layers 
of graphene films grown on copper 
30
.  
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5.4.4  Raman characterization  
 
Raman spectroscopy is a nondestructive and powerful technique for evaluating the structural 
properties of graphene, which allows graphene to be distinguished from graphite and to 
determine the number of graphene layers and their structural quality 
31
. Raman 
microspectrometry measurements were carried out on all samples following the transfer of the 
graphene films onto a 100 nm SiO2 layer on Si (See section 5.3.3 for the transfer procedure).  
Spectra from five representative spectra of graphene samples, together with a reference spectrum 
from an etched region, are presented in Figure 5-6. Spectra from samples corresponding to Runs 
#4 to 6 are nearly identical to that from Run #3 (Fig.5-6c) and are omitted for clarity.  
Figure 5-5. SEM images of graphene films grown on copper foils based on original graphene growth 
recipe at 1000° C and 500 mTorr using a) unpurified UHP hydrogen and unpurified methane, b) purified 
UHP hydrogen and purified methane, and c) bright field (BF) LEEM image of graphene films grown on 
Cu foil in the same condition as b. 
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Overall, the spectra reveal that samples are high quality graphene layers as indicated by strong 
2D and low D band intensities. The full width at half-maximum (FWHM) intensity of the 2D 
band is approximately 28 cm
-1
 for all samples and the ratio of the 2D to G band peak intensity 
(I2D/IG) is ~ 3.2. These measurements confirm the presence of single layer graphene (SLG) 
2,21,32
 
and the low intensity of the D peak, associated with the presence of defects in graphene, 
indicates that the films maintain high quality after the transfer process 
27
.  
The Raman spectrum from the film grown using purified methane (Fig. 6b) exhibits two 
additional peaks at approximately 1455 cm
-1
 (the so-called R mode) and 1625 cm
-1
 (the so-called 
D' mode). These modes have been ascribed to intravalley and intervalley interactions between 
two rotated graphene layers 
33-35
, thereby providing strong evidences that our grown samples 
contain twisted bilayer graphene (BLG) or/and multilayer graphene (MLG). In other words these 
Raman modes indicate that bi- , tri- and even thicker multilayer graphene films are formed with 
random rotational angles between them and that those MLG appear to grow without the 
directionality expected from the strong interlayer coupling. The presence of these multilayers is 
consistent with SEM and LEEM observations presented in Fig.5-4b and 5-5b-c.  
We have used hyperspectral Raman imaging to further investigate this behavior and to determine 
whether these Raman peaks (R and D' mode) are also present in graphene films grown in 
unpurified conditions. We focused on two extreme scenarios corresponding to highly oxidative 
and highly reductive growth conditions: i.e. growth using the original graphene recipe with 
unpurified hydrogen and methane mixture (Fig.5-3, Run #3) and growth with solely purified 
methane (Fig.5-3, Run #2).  
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Figure 5-7 (a-b) displays Raman images from both samples at the G-mode frequency extracted 
from the hyperspectral Raman data taken using an illumination wavelength of 532 nm. The 
intensity variations of the G-mode provide indications on the emergence and stacking of the bi- 
and tri-layers 
35
. These Raman images corroborate reasonably well with the SEM and LEEM 
(Fig. 5-4b-c and Fig. 5-5c) shown previously. Moreover, we notice a strong enhancement of the 
Figure 5-6. Raman spectra (λ = 514 nm) of graphene films grown on copper foils at a temperature of 1000 
ºC and a total pressure of 500 mTorr using the following gas mixtures: a) purified methane (Fig.5-3, Run 
#1), b) unpurified methane (Fig.5-3, Run #2), c) unpurified methane and unpurified UHP hydrogen-based 
on the original CVD recipe (Fig.5-3, Run #3), d) unpurified methane and purified  UHP hydrogen (Fig.5-
3, Run #8), e) unpurified methane and purified argon (Fig.5-3, Run #9). Curve f) presents for reference a 
Raman spectrum from an etched region of unpurified methane growth. Note that the Raman spectrum of 
Run #4-6 from Figure 2 were similar to Run # 3 and Run #7 was identical to Run #8 (c-d) but are not 
shown in this graph 
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G band intensity in Fig.5-7b (bright spots) in few BLG regions of the layers grown in purified 
methane conditions. This phenomenon on Raman intensity was described by Havener et al. as 
the emergence of a resonance due to a new singularity in twisted BLG joint density of state 
35
. 
The energy position of this singularity is directly governed by the twist angle of the BLG. 
According to their work, the enhanced areas in Figure 5-7b correspond to BLG with a twisted 
angle of about 13,5° for our laser wavelength (=532 nm).  
Selected local spectra, extracted from the hyperspectral images at locations indicated in Fig.5-7a-
b, are presented in Fig.5-7c-d. In addition to the common shape of the D band at 1350 cm
-1
 and 
the G band at 1590 cm
-1
, some of the spectra taken in the BLG regions - (bright spots 8-9 in Fig. 
7b) - exhibit additional Raman features near 1550 cm
-1
 (R mode) and 1640 cm
-1
 (the D’ mode). 
The presence of these modes provide further evidence that these BLG areas are twisted (i.e. 
rotated orientation relative to each other). Finally, note that the G band intensity enhancement 
and the emergence of the additional peaks in local Raman spectra indicate that twisted graphene 
layers are mostly present in purified conditions.  
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Figure 5-7. Raman hyperspectral images of the G band intensity of layers grown on copper foils at a 
temperature of 1000 ºC and a total pressure of 500 mTorr using (a) the original graphene growth recipe 
(unpurified UHP hydrogen and methane) (Fig.5-3, Run #3) and (b) purified methane only (Fig.5-3, Run 
#1). (c-d), Raman spectra from specific areas of the samples indicated in (a) and (b). The peak highlighted 
by an asterisk is an instrument artifact. 
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5.5  Discussion 
 
The experimental results presented in the previous section clearly demonstrate that continuous 
and uniform graphene films can be grown in the sole presence of purified methane (O2 < 1 
ppbV). This indicates that methane serves the dual role of copper oxide reducer 
29
 and carbon 
supplier for growth. In addition, the need of having purified methane present in the chamber 
during cooling for obtaining complete graphene films suggests that small amounts of oxidative 
impurities can leak into typical low-pressure CVD systems fitted with O-ring seals. Adding a 
flow of purified methane during the cooling stage provides a reducing environment that is 
sufficient to protect the films against oxidation and to help maintain the overall conditions 
required for graphene stability and growth at high temperature. 
The CH4/H2 mixture, as reported in the original graphene LPCVD growth recipe 
2
, provides 
similar but enhanced reducing conditions that prevent etching from background impurities. 
Besides supplying carbon for growth, the chemistry most likely involves additional reductive 
reaction paths against the oxidizing species introduced into the chamber. Once growth is 
complete, however, it is only required to prevent etching from air leaks during cool-down; this 
could be achieved by flowing merely purified UHP hydrogen. Our results show that purified 
UHP hydrogen works as well as a mixture of unpurified CH4/H2, which precise composition 
appears to depend on the oxygen level introduced into the CVD chamber.  
By replacing hydrogen with purified Argon, the results confirmed our hypothesis that Ar, an 
inert gas, plays no direct role in graphene low pressure CVD growth. Thus, in conditions where 
the level of oxidizing impurities is typical of UHP gases, purified UHP hydrogen appears to be 
the best option for establishing reductive conditions and preventing etching of growing or 
previously grown graphene films on copper. The growth and annealing experiments described 
above and in reference 
21
 strongly support that hydrogen does not etch graphene on Cu in 
LPCVD, even at high temperatures. We therefore conclude that the role played by hydrogen is to 
protect the film against oxidative etching reactions. Further investigations will be required to 
elucidate the detailed reaction mechanism for this effect.  
While our results demonstrate that complete graphene layers can be obtained using a variety of 
growth conditions (see Figure 5-3), they also reveal important differences in the resulting films. 
Namely, we observed that films grown from purified gases exhibited a significantly higher 
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bilayer and multilayer coverage, as shown by LEEM and SEM (Fig.5-5 and Fig.5-4h&4b), 
compared to films grown using the “standard” recipe involving as-received UHP precursors.  
Based on literature, there is a consensus that catalytic decomposition of methane by Cu generates 
mobile intermediate species, such as CmHn: (e.g. CH3, CH2, CH, C, C2Hn, etc.) on the Cu surface, 
which are growth precursors for the multilayers 
36,37
. The mechanism of formation of these 
multilayers is however not well understood and is even controversial. Nie et al. 
30
 reported an 
underlayer growth mechanism where the second layer and subsequent layers are grown from 
below. They believe that new layers nucleate and grow next to the substrate and the graphene 
multilayer growth terminates once the Cu is covered with the main layer. Other groups have 
concluded using Raman investigation of isotope-labeled bilayer films that these multilayers are 
indeed underneath the first or main graphene layer 
36,38
. On the contrary, other studies proposed 
that the multilayers are rather grown on top of previously formed domains and this is mostly due 
to the excess supply of methane 
39-41
.  
Our entire set of results reveals that multilayer growth occurs primarily in highly reducing 
environments, when the level of oxidizing impurities during LP-CVD is low. Moreover, our 
results indicate that Cu is an active interface not only for the growth but also for the etching 
16,19,21
 and that etching is not occurring via hydrogen, but from oxygen impurities. Therefore, in 
the absence of oxidizing species, the films cannot be etched and the carbon precursors cannot be 
burnt at the Cu interface, leading to an excess amount of carbon species and further multilayer 
growth. The top growth mechanism appears therefore inconsistent with these conclusions 
because the Cu catalyst providing growth and etching of the graphene edges is blocked as the 
main graphene layer becomes larger than the multilayer islands. Note that etching by impurities 
is not observed on graphene layers on SiO2 (i.e. no Cu) 
16,19,21
. Thus, we believe that the most 
plausible growth mechanism is from below since multilayers can grow/etch as long as the bare 
Cu surface is available for dissociating CH4 to grow graphene layers and impurities to etch them. 
When the main layer is complete, however, the growth/etching rates of these multilayers drop 
significantly, even after longer exposure time, due to a lack of new supply of carbon and 
impurities. 
Furthermore, in the original graphene growth recipe – in which methane and UHP hydrogen are 
both unpurified –  the surface coverage of bilayer domains is reduced by a factor of ~2  while the 
number of nuclei is decreased by a factor of ~ 2.5, compared to the case where purified UHP 
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hydrogen and unpurified methane is used. We believe that in the presence of higher amounts of 
oxidizing impurities, graphene islands are etched and that growth precursor's species are 
captured; therefore the number and size of graphene islands decreases. Consequently, few bilayer 
and multilayer areas remain at the end of the growth process. This implies that controlling the 
level of oxygen during the growth is a powerful mean to tailor the morphology of the film.  
Lastly, Raman imaging has shown that MLG films grown in the sole presence of purified 
methane contains twisted bilayers whereas no evidence of such incommensurability is observed 
on the films grown based on the original graphene growth recipe 
2
. This is consistent with the 
above growth behavior where a highly reduced environment, in which etching is minimized, 
favors multilayer growth. Due to the absence of oxidizing impurities, the overall “effective” 
attachment rate of carbon species to the graphene edge, the mere nature of the methane 
intermediate species as well as their mobility are likely to be modified since nothing is blocking 
or interfering with them during the growth process. The presence of incommensurate graphene 
multilayers is therefore evidence that these changes lead to different growth kinetics. In the 
unpurified growth conditions, graphene nucleation and growth occur while the competition 
between carbon atoms impinging the surface and attaching to graphene edges, and oxidizing 
impurities etching some of these C species remains active. These oxidative species thus slow 
down the kinetics and add more freedom to the carbon atoms to be placed in accordance with 
each other, which direct consequence is the formation of more commensurate BLG and MLG.  
5.6  Conclusion  
 
We have shown that hydrogen is not required for graphene growth from methane in the absence 
of oxidizing impurities. We also confirmed that purified UHP hydrogen does not etch graphene 
in low pressure CVD conditions and that small amounts of oxidizing species are responsible for 
this etching reaction. Using carefully designed graphene growth experiments, we have decoupled 
the role of hydrogen and oxidizing species during the growth and cooling stages. We revealed 
that oxidizing impurities clearly play a significant role in graphene CVD and that a flow of 
hydrogen can counterbalance the graphene etching reaction. Furthermore, films grown under 
high purity conditions (low level of oxidizing impurities) exhibit a higher bilayer and multilayer 
coverage, as observed with low energy electron microscope (LEEM) and scanning electron 
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microscope (SEM). Surprisingly, some of these bi- and multi-layer graphene islands are twisted 
with respect to the first graphene layer as revealed by hyperspectral Raman imaging.  
In light of these experiments, further investigation of the growth mechanism will be possible by 
taking into account the impact of oxidizing species, which may reveal to be the key elements to 
influence the growth kinetics and to identify new routes towards large scale fabrication of high 
quality single crystalline graphene films. 
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5.7  Supporting information 
 
1. Graphene sample annealed in unpurified hydrogen at 950 °C transferred on SiO2/Si 
Figure S1 is the SEM image of the transferred graphene sample presented in Fig 1b. It also 
shows the Raman spectra for this sample. Based on the SEM image contrast and Raman 
measurement, it is confirmed that the small patches are indeed the remaining graphene. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S1. SEM image and Raman spectra of the unpurified hydrogen annealed 
sample as shown in Fig. 5-1b at 950 °C for 30 min transferred on SiO2/Si. 
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6 CHAPTER 6: ARTICLE 3: "SPEEDING-UP GRAPHENE CHEMICAL 
VAPOR DEPOSITION." 
6.1 Abstract 
 
Chemical vapor deposition (CVD) of graphene films on copper foils is one of the most 
promising and widely employed methods to produce large graphene sheets of high quality. 
However, continuous monolayer coverage of graphene on copper requires high temperatures and 
long growth times therefore making this process unsuitable for industrial manufacturing. Here, 
we report on how to maximize the growth efficiency of high quality single layer graphene films 
using methane CVD. We show that graphene formation on copper within 1 min is possible in the 
absence of oxidizing impurities in the gas feedstock and furnace atmosphere. Our results 
highlight a competitive action between adsorbed methane intermediate species as carbon 
precursors and surface oxygen as the growth inhibitor. Removing traces of oxygen in the 
feedstock is key to graphene fast growth and impurity level of less than 5 ppm O2 with respect to 
H2 allows the continuous growth of graphene films on copper. Our method is entirely suitable for 
large scale manufacturing of graphene films on copper, thereby opening the door to viable 
synthesis of graphene materials in an energy and cost saving manner. 
6.2 Introduction 
 
The low-pressure chemical vapor deposition (LP-CVD) of graphene films, demonstrated for the 
first time less than six years ago, is viewed as a potentially scalable and efficient process 
compatible with industrial requirements.
[1-4] 
Despite substantial efforts, obtaining continuous 
monolayer graphene coverage with low defect density remains a challenge and can generally 
only be achieved at high temperatures and after long growth times.
[3, 5, 6]
 Indeed, the large scale 
manufacturing of graphene films by CVD has so far been hindered by these constraints. Thus, 
the crucial questions in graphene LP-CVD growth remain unresolved: Why is the growth of 
graphene on copper so slow? More specifically how can one speed up the process while 
maintaining or even improving film quality?  
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Up to this date, many milestones have been achieved by introducing roll-to-roll production and 
also by adapting growth recipes with a local heating of the copper substrate in order to reduce 
cost and save energy.
[1, 4] 
While roll-to-roll approaches are potentially interesting in terms of 
scalability and manufacturing volume, they still require long growth times and high temperature; 
thus the associated energy cost remains prohibitive.
[1] 
Local heating synthesis routes, although 
much more cost- and time-effective, currently result in lower quality films with microcracks.
[4] 
Others have investigated graphene CVD growth at lower temperature in an attempt to reduce the 
energy cost and make the graphene synthesis more suitable for industrial manufacturing 
processes.
[6-11]
 However, the resulting processes are still too long and generally fail to enhance 
the economical viability of the mass production of graphene material.
[10]
 
A careful analysis of the recent literature on LP-CVD of graphene on Cu reveals numerous 
apparent inconsistencies in terms of optimal growth parameters. In particular, growth duration 
for CVD from a methane/hydrogen mixture ranges from 5 to 45 min or even higher with no 
specific reasoning behind it.
[1, 2, 5, 6, 12-20] 
Although Li et al. reported full coverage of copper with 
graphene after 1.5 min at a pressure of 285 mTorr, their recipe maintains methane and hydrogen 
gas flow during cool-down, implying effectively longer growth time.
[15] 
Much longer growth 
time have however been used in literature afterwards,
[5]
 which might indicate poor graphene 
reproducibility at such short growth time.  
We recently showed that oxygen impurities, not hydrogen, are responsible for graphene etching 
on copper and that there is a competitive action between oxidation and carbon growth during 
graphene formation in LP-CVD reactor.
[21, 22]
 The presence of different levels of impurities in the 
furnace atmosphere and gas feedstock explains the discrepancies in growth recipes from one 
group to another. In the absence of these oxidizing impurities, we hypothesize here that oxidation 
and etching is minimized and copper is covered by graphene film in virtually no time.  
Here, we report the accelerated formation of continuous, high quality single graphene film on 
copper foil from a methane/hydrogen mixture. This is accomplished by carrying growth in a 
controlled environment where the level of oxidative impurities is greatly reduced compared to 
standard LP-CVD growth conditions.
[2]
 In a series of experiments where growth time is 
decreased from 45 min down to 1 min, no clear difference in the quality and morphology of the 
film is observed. In contrast, control growth experiments carried out in standard conditions, 
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where the level of oxidative species are typical of graphene LP-CVD, show that more than 20 
min are required to achieve full graphene coverage and high quality films. We develop a rate-
equation kinetic model describing this graphene growth process, which includes a competitive 
reaction between the carbon species and the oxidizing impurities, while considering also the 
effect of hydrogen gas for inhibiting the oxidizing etching reaction and protecting the film. By 
including the effects of hydrogen and oxidizing impurities, our kinetic model is qualitatively in 
agreement with the general trends reported in literature on the growth of graphene films on 
copper and readily explains the faster growth rate reported here.  
6.3 Experimental section 
 
 raphene films were grown on 25 μm thick Cu foils (Alfa Aesar, item no. 13382) at 1000 °C in 
a 1.5 inch fused quartz tube at low pressure. The system consists of a manifold capable of UHV 
conditions where the gases are introduced into the chamber. The system’s base pressure prior to 
gas insertion is below 5x10
-6
 Torr. Gas purifiers were installed on as-received gas bottles in order 
to decrease the residual O2 content in UHP gases to less than 1 ppbV. We used DEOXO
TM
 
(O2 < 1ppb) for H2 (Praxair, UHP, grade 5, O2 < 1ppm), and SAES Pure Gas Inc. MC1-950FV 
(H2O and O2 < 1ppbV) for CH4 (Praxair, UHP, grade 3.7, O2 < 15ppm). The Cu foils were 
chemically cleaned in 1 M acetic acid (Sigma Aldrich, Reagent Plus > 99%) at 60 ºC followed 
by acetone and then 2-propanol (without drying) for 10 min in each step. The Cu substrates are 
then blown-dried with nitrogen. They were heated to 1000 °C and annealed at this temperature 
for 30 min under the flow of purified H2 at 50 mTorr. In order to grow graphene, purified CH4 
was introduced into the chamber and the total pressure reached 500 mTorr. After the desired 
growth time (45, 30, 20, 10, 5, and 1 min), purified methane exposure was stopped and 
evacuated from the furnace. The chamber was cooled down to room temperature under the flow 
of purified H2 solely. The growth in standard conditions – where the level of oxidative species 
are relatively higher than in the purified conditions – were conducted using as-received CH4 
(Praxair, UHP, grade 3.7, O2 < 15ppm) as the carbon source.  
Graphene samples were examined by scanning electron microscopy (SEM-JSM-7600F) operated 
at 1 kV and in some cases low energy electron microscopy (FE-LEEM P90 from SPECS-GmbH) 
performed at 4.4 eV kinetic energy in the UHV chamber (base pressure 4x10
-10
 mbar). Their 
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quality is assessed using Raman Spectroscopy (Renishaw Invia) with a laser wavelength of 514 
nm. A 50X objective (N.A= 0.55) focuses a 4 mW laser beam to a probe spot about 1 µm in 
diameter. The graphene films grown on copper were transferred onto SiO2 (100-nm-thick)/Si 
wafers by a liquid phase method based on poly-methyl methacrylate (PMMA) support. 
[23] 
6.4 Results 
 
Figure 6-1 shows SEM images of graphene films grown on copper for different growth times and 
gas purity levels. Figure 1(a-f) are images for growth in purified conditions starting from 45 min 
growth time down to 1 min. The lower growth time limit was dictated by limitations of our 
experimental set up. Continuous, hole-free, monolayer graphene films are formed on copper foil 
even down to 1 min. Interestingly, no significant difference was observed between all the films 
grown under purified conditions. 
In order to validate these results and compare them with previous literature results, we removed 
the methane purifier from the line and conducted growth studies using as-received UHP methane 
(O2 < 15ppm) and purified hydrogen (O2 < 1ppb). Except for the methane purifier being 
removed, all the growth conditions are exactly the same as the previous experiments discussed 
above. We chose three different growth times 5, 20, and 45 min to investigate the graphene film 
growth evolution and behavior until a complete layer is observed (Figure 1(g-i)). The impact of 
the oxidizing impurity is evident; the growth for 5 and 20 min leads to an incomplete coverage of 
graphene film on copper whereas the film is complete after 45 min. These results further reveal 
the importance of a competitive action between growth and growth inhibition by oxidation 
during graphene synthesis in LP-CVD reactor. In the absence of oxidizing impurities, graphene 
films can be formed on copper foil in less than 1 min. 
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Micro-Raman spectroscopy measurements were carried out on graphene layers prepared using 
purified methane after transferring them on SiO2 in order to determine the number of layers and 
film quality. Raman spectra from films grown for different times are presented in Figure 6-2. 
They reveal that films grown from purified methane are high quality graphene layers, as 
indicated by strong 2D and low D band intensities. The full width at half-maximum (FWHM) 
intensity of the 2D band is approximately 28 cm
-1
 for all samples and the ratio of the 2D to G 
band peak intensity (I2D/IG) is ~ 3.2. These measurements confirm the presence of single layer 
graphene (SLG) 
[2, 21, 24]
 and the low intensity of the D peak, associated with the presence of 
defects in graphene, indicates that the films is of high quality. 
[23] 
 
 
Figure 6-1.  SEM images of graphene films grown on copper for different growth times. 
Purified methane exposure at 1000° C for a) 45 min, b) 30 min, c) 20 min, d) 10 min, e) 5 min, 
and f) 1 min, and unpurified methane exposure for g) 45 min, h) 20 min, and i) 5 min. 
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Figure 6-2b is a LEEM image of a 1 min graphene sample grown on copper from purified 
methane. The graphene film covers the whole surface and, as the film is uniform, the contrast 
arises from copper structures. The bright areas and dark lines are graphene covered copper 
terraces and facets, respectively. LEED pattern in Figure 6-2c shows sharp single layer graphene 
diffraction spots indicating the good crystallinity of the graphene sheet. The diffraction spots 
marked by red arrows are from a single layer graphene domain lying on the copper terraces while 
the diffraction spots circled in blue are from the same graphene domain lying on the copper 
Figure 6-2. a) Raman spectra of graphene films grown from purified methane on copper for 
different growth times after transfer on 100nm SiO2/Si substrate, b) Bright field LEEM image of 
the graphene film grown on copper for 1 min (acquired at an incident electron energy of 4.4 
eV), and c) LEED pattern acquired at 65eV in the area depicted in b). The pattern is from a 
single layer graphene domain. The spots marked by red arrows are from the smooth regions in 
the LEEM and the shifted spots circled in blue are from the same graphene domain but sitting 
on the copper facets (darker lines in the LEEM image). A Fast Fourier Transform high pass 
filter has been applied to the LEED image in order to remove background ascribed to diffuse 
scattering and secondary electrons. 
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facets. The angle between the facet and the principal Cu(001) plane is 16.5±1 deg. which 
corresponds to the Cu (632) surface reported previously on copper foil.
[25]
 LEED patterns have 
been acquired at various locations on the sample surface and several orientations, random in 
appearance, have been found. The sample can be moved slightly to shifted locations exhibiting 
only one LEED pattern within the illuminated area of 10 µm, which implies that the graphene 
film is polycrystalline and the grain sizes are larger than 10 µm. 
Our entire set of results could be assembled into a simple rate-equation kinetic model of 
graphene CVD on Cu in the presence of oxygen impurities and solved using quasi-steady state 
approximation. Based on data in literature,
[18, 19, 26, 27]
 we assume that methane adsorbs and 
dissociates on copper by forming Growth Intermediate Species (GIS) that can then be converted 
to graphene or alternatively react with adsorbed oxidizing impurities and desorb. The model 
considers also an inhibition channel to GIS oxidation-desorption through a reaction with gaseous 
hydrogen molecules. We assume that only the free Cu surface sites (no graphene) are reactive 
and exposed to constant gas pressure. As detailed in the supplementary information (SI), the 
model yields the following overall graphene growth rate equation: 
          
  
                     
    
        
   
   
   
  
                                
here    is the partial pressure of the gas   in the furnace,           is the coverage of graphene, 
   is the fraction of free sites on the surface,    is the fraction of surface sites occupied by   and 
  is the order of reaction for     dissociation.             and           are the dissociation 
reaction and the adsorption equilibrium constants of    , respectively. As presented in SI,        
regroups several kinetic constants of the system and              is an evolving factor that 
accounts for geometric and diffusion considerations, such as nucleation, that are not explicitly 
included in our model. For example,              is expected to increase with           for a 
given number of nuclei because the perimeter of the islands increases. This effect provides more 
attaching sites and also shortens the average diffusion length with decreasing active area of bare 
Cu.  As indicated in the SI, Cu sites remain nearly unoccupied during growth (    1) at all times 
and these Cu sites vacancies are therefore assumed to vary only slightly with changing pressure 
conditions.  
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Our model which is based on competitive reactions with hydrogen and oxidizing impurities 
correctly predicts most, if not all, experimental trends reported in the literature on graphene 
growth on copper. More specifically: the growth rate increases with both      and     and 
decreases with     and          . 
6.5 Discussion 
 
Our experimental results demonstrate that oxidizing impurities are currently limiting graphene 
growth kinetics in a typical LP-CVD environment. By simply minimizing the oxygen level in the 
gas feedstock, continuous and uniform monolayer graphene film can be reliably grown on copper 
from methane within 1 min, which is between 5 to 45 times faster than what is reported up to this 
date.
[1, 2, 5, 6, 12-20]
 The installation of gas purifiers is entirely compatible with industrial 
manufacturing processes and is beneficial as it can lower graphene production cost by reducing 
process time and saving energy. The quality and uniformity of the graphene films are maintained 
even for the shortest growth times reported here, as demonstrated by SEM and Raman 
spectroscopy. 
The fact that the SEM images in Figure 1 do not show evidences of bi- and multi- layer 
formation, demonstrates that once a complete graphene layer is formed on copper, the layer is 
sealed and graphene formation terminates. Since Cu plays a catalytic role in decomposing 
methane, this observation is in line with previous growth studies in which graphene growth stops 
when no bare Cu remains.
[28] 
Furthermore, we believe that minimum graphene growth time for 
complete layer can be further decreased below 1 min, but this could not be explored due to 
limitations of our CVD system.  
Based on the growth model presented above, the graphene growth rate is controlled by the partial 
pressure of CH4 and the ratio 
   
   
. For a given level of oxidizing impurities, increasing     helps 
to maximize the growth rate - the growth rate reaches 50% of its maximum value,      , when 
   
   
 
 
      
 and then saturates, even after further increase of    . Based on our observed relative 
growth rates in purified and standard conditions and estimated levels of oxidizing impurities, a 
lower limit for        is found to be 200 000 (see SI). This value sets the total level of oxidizing 
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impurities with respect to H2 to below        in order to reach 50% of     , since 
   
   
 
 
      
 in the rate equation yields the criterion 
    
 
 . More importantly, lowering the impurity 
level by two orders of magnitude (i.e. down to 
   
   
       ) would be required to reach 99% 
of     .  
In standard LP-CVD systems, only three sources of oxidizing impurities can be identified: i) H2 
gas bottle, ii) CH4 gas bottle and iii) air leaks into the CVD chamber from flanges and fittings. 
For instance, a standard CVD systems with      Torr base pressure requires a minimum of 40 
mTorr of pure H2 to compensate to oxygen leaks and to provide minimum conditions for 
    
 
 
because the oxygen base pressure is roughly        Torr (note: 20% O2 in air). Our UHP 
grade of H2 has however less than 1 ppm of    and CH4 feedstock contains less than 15 ppm of 
O2, leading to 
   
   
        using    = 0.05 Torr and       0.5 Torr. Without further 
purification of the gas, only 3% of      can be reached in those conditions. To reach the 
criterion 
    
 
, the hydrogen partial pressure has to be further increased to at least 1.5 Torr of 
pure H2. From this simplified model, it appears clear that one can always compensate for the 
presence of O2 impurities using a proportional level of pure H2, but increasing further the 
pressure will eventually hinder the availability of reactive Cu sites and hence slow down the 
growth. 
The results in our previous reports 
[21, 22]
 show that oxidizing impurities play a significant role in 
graphene CVD and these new results reveal now their dramatic effect on the growth rate. Slight 
changes in impurity level due to modification of the CVD chamber or sources of feedstock can 
therefore greatly impact growth consistency and reproducibility. A strict control over the level of 
oxygen in the growth atmosphere is therefore paramount in order to improve both growth speed 
and reproducibility, which was clearly lacking in the current literature on graphene growth by 
LP-CVD.  
The growth model presented above considers for the first time the competitive action between 
growth species (methane), growth inhibitor (oxygen), and oxidation inhibitor (hydrogen) for 
balancing conditions entailing the final graphene surface coverage on copper. According to the 
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model, the graphene growth rate is essentially proportional to the methane partial pressure when 
the level of oxygen species tends towards zero. On the other hand, oxygen traces in methane 
slow down the growth reaction by allowing GIS species to desorb as CO molecules and 
eventually by etching graphene. Adding a flow of H2 can counteract this last associative 
desorption reaction by reacting with oxygen species to form volatile H2O. When removing 
oxygen impurities is difficult, additional H2 can therefore be used to promote the growth process 
towards complete graphene layers, but this is at the expanse of a reduced growth speed compared 
to pure methane.  
6.6  Conclusion 
 
Our experimental results show that the growth rate is severely impaired by the presence of 
oxidizing impurities. We have shown that in the absence of oxidizing impurities continuous and 
uniform monolayer graphene can be formed on copper using purified methane within 1 min of 
methane exposure. Our findings highlight the necessity to control the balance between carbon 
supply and oxygen to hydrogen pressure ratio in order to achieve graphene full coverage on 
copper substrates. Based on our model in which surface reactions of CH4, O2 and H2 on Cu are 
depicted, the lowest impurity level of O2 with respect to H2 should be at least below        to 
reach 50% of the maximum possible growth rate. Once the O2 and H2 pressure ratio is optimized, 
the growth rate is limited by the CH4 dissociation rate constant (    ) and its adsorption 
equilibrium constant (    ). Finally, the growth method shown in this report is straightforward 
and very simple to implement in industrial manufacturing processes making graphene sheets 
mass production economically feasible. 
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6.7 Supporting Information 
 
Details on the Kinetic Model  
1) Surface Carbon Production Rate 
The following model has been developed to simulate the effect of oxidizing impurities in the 
copper catalyzed graphene growth under reducing conditions. The model describes competitive 
reactions between the surface carbon species formed by the methane activation, inhibitor oxygen 
adsorbates, and anti-inhibitor hydrogen molecules. The simulation aims to determine the 
interplay between three main reaction channels: 1) GROWTH: methane dissociation at the 
copper surface to form Graphene Intermediate Species (GIS) and their reaction to grow 
graphene; 2) INHIBITION: adsorption and surface reaction of oxidizing impurities with GIS at 
the copper surface and desorption/elimination via CO gas; 3) ANTI-INHIBITION: competitive 
hydrogenation of the oxidizing impurities at the surface of copper and desorption of water gas.  
All the reactions are assumed to occur at the Cu surface. That is, no absorption, diffusion or 
reaction is allowed to take place on already formed graphene layer/patches. Note that this 
important assumption is supported by SEM observations of monolayer and continuous graphene 
films. 
Under these assumptions the reaction scheme - on the uncovered copper surface - can be 
described as follows: 
            
  ;  (S1) 
          
  ;  (S2) 
  
        ;   (S3) 
   
        
       
 
 
       
   ;  (S4) 
   
               
  
 
 
          ;  (S5) 
   
                 
  
 
 
          ;  (S6) 
102 
 
 
 
                   ;  (S7) 
 
where     is the precursor gas,    is the reducing agent, and    represents oxidizing impurities. 
The supply of oxidizing impurities is either from impurities in     and    feedstock, air leaks in 
the gas line, or both. The concentrations of the gas species are constant during the growth.  are 
unoccupied sites at the copper surface. All sites are considered equivalent.  
The adsorption processes of     and    on the copper surface are fast compared to graphene 
formation, thus pre-equilibrium approximation can be used in reactions (Equation 1S) and 
(Equation 2S). The rate equations: 
               
       , 
and 
              
      , 
lead with pre-equilibrium approximation to: 
             ; (S8) 
and  
            .  (S9) 
Here    is the rate of the reaction,    is the partial pressure of species  ,    is the fraction of free 
sites on the surface,    is the fraction of sites on the surface occupied by   and finally   ,   
  and 
   are the reactions, counter reactions, and equilibrium constants of reaction ( ), respectively. 
Based on surface science studies, molecular hydrogen neither dissociates nor adsorbs on clean 
Cu surfaces, thus the adsorption of    is neglected [1,2]. Reactions (S3) and (S4) are the 
dissociation reactions of    and     on the copper surface, respectively. The decomposition of 
oxygen adsorbates into atomic oxygen (Equation S3) is assumed to be irreversible since copper 
oxide is quite stable in the range of reaction temperatures considered here [3]. The 
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decomposition of    
  in reaction (S4) is also taken as irreversible since atomic hydrogen has a 
very short lifetime on copper surface [1,2]. 
The exact nature of the active carbon species (GIS) -produced by the decomposition of methane- 
adsorbed on the Cu surface leading to the formation of graphene is unknown. Consequently, the 
order of reaction remains unclear even if a complete successive dehydrogenation reactions of 
methane down to atomic carbon is considered. The reason is that copper surface sites will be 
quickly available due to rapid hydrogen desorption, which lowers the order of reaction. 
Therefore, as the exact decomposition state of the GIS is unknown, the    
  decomposition 
reaction is kept generic and the reaction is considered as an elementary reaction that simply 
needs a number   of free sites. Note that since                           is extremely 
rapid, it is not further considered in the reaction scheme. However, it is considered in the overall 
reaction since the level of    cannot be zero and will always be a fraction of    . 
The GIS appear in competitive reactions: either to form graphene (Equation S5) or be 
oxidized/burnt by oxidizing impurities (Equation S6). Both reactions are presumed irreversible 
since the process temperature for Equation S5 is far below the sublimation temperature of 
graphite of 4000 °K [4]; thus graphene formation is stable and irreversible. Reaction (S6) is a 
combustion reaction and therefore carbon species can only be further oxidized. 
The main effect of hydrogen addition is to provide a new reaction pathway (Equation S7) 
competing with the oxidizing reaction (S6). This reaction frees GIS from oxidation for 
subsequent graphene growth (Equation S5). As mentioned above, molecular hydrogen neither 
adsorbs nor dissociates on the Cu surface. We propose that hydrogen gaseous molecules react 
directly with atomic oxygen adsorbates to form water (Equation S7). This reaction is also 
considered irreversible: water molecules will rapidly desorb into the gas phase at such a high 
temperature regime. 
The growth rate of graphene is directly proportional to the production of GIS (   ) as shown in 
reaction (S5). Thus, this system will be first solved to gives GIS coverage. 
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While no adsorption, diffusion or reaction are assumed to occur on the already formed graphene 
islands, surface species (GIS or     and  
 ) are considered in quasi-steady state. Therefore, we 
can deduce: 
     
  
         
                   , 
which gives: 
     
        
       
  
     
.  (S10) 
and 
   
  
                             , 
which gives: 
    
        
            
  
 .   (S11) 
Equation 11S shows that hydrogen is required in order to grow graphene in the presence of 
oxidizing impurities. For sufficient large    pressures, reaction (S7) overcomes reaction (S6). In 
these conditions,        is much smaller than       and Equation 11S can be approximated 
using: 
   
        
     
  
  . (S12) 
Substituting expression (12S) into (10S) gives: 
     
        
   
          
     
  
 
  
     
.   (S13) 
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2) Graphene Growth Rate 
According to reaction (5S), the graphene growth rate (
          
  
) should be simply given by 
          
  
       . With the assumption made that no adsorption, diffusion or reaction take 
place on the already formed graphene islands, the steady state approximation used to solve the 
kinetic equations is only valid on the graphene free substrate surface. In other words, the steady 
state approximation is only valid if we consider the uncovered graphene area. Therefore the 
active area is constantly reduced with the growing graphene coverage and      is renormalized 
by             to account for the whole surface of copper.  
Considering the above statement and taking reaction (S5) into account: 
          
  
                                .  (S14) 
Here              is an evolving factor that accounts for geometric and diffusion considerations 
related for instance to nucleation process, which is not explicitly included here. Substituting      
in (S14) by (S13) a simple expression for the graphene growth rate in a reducing environment in 
the presence of oxidizing impurities is obtained: 
          
  
     
    
  
          
       
  
 
  
                               .  (S15a) 
Renaming and rearranging the constants: 
          
  
                     
    
        
   
   
  
 
  
                                 
(S15b) 
 
3) Coverage Dependencies with Gas Pressures 
Expression (S15b) indicates that graphene growth rate is influenced to a large extent by the 
coverage dependencies with pressures, especially if the reaction order   is high. Considering all 
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the species present at the surface and all sites equivalent, the available sites coverage    is 
expressed as: 
                        (S16) 
where    is the corresponding coverage of the surface   species.           is not included in 
Equation (S16) since the quasi-steady state approximation limits reaction to uncovered areas. 
Consequently, the total number of free sites is constantly renormalizing with changing           
and this is taken into account by including the factor                in Equation (S15). 
Substituting    with their corresponding expressions (S8),(S9),(S10),(S12) in (S16) gives: 
                      
   
     
    
        
   
       
  
   
   
  
 
  
    . (S17) 
This expression cannot be solved explicitly for    and the boundary limits will instead be 
evaluated. A lower limit on    is found considering that 
       
  
   
   
  
   , then 
        
   
       
  
   
   
 
 
    
  
    . This results in the following expression: 
                
  
  
          
   
     
  . 
 
Setting a lower limit for   : 
               
  
  
          
   
     
  
  
. 
On the other hand, a higher limit for    can be set using relation (S17), provided that        
and gives: 
 
24 O2CH1*
11 PKPK     
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and  
                   
  
 . 
Boundary conditions are finally found for   : 
 
                  
          
         
                
          
    
   
 
    
 
                           
 (S18)  
Based on surface science studies [5],     molecules are hard to activate and adsorb on Cu, 
which points towards a very small          . In addition,     needs to be maintained very low --
at trace level-- to obtain growth conditions. With these considerations, we can estimate from the 
boundary condition of Equation (S18) that the unoccupied sites coverage    will remain close to 
unity for graphene growth. This estimation is reinforced in a LEEM study where the equilibrium 
GIS coverage have been shown to be between 1-2% on metals (Ir(111) and Ru(0001)) with a 
maximum of 3% at nucleation [6]. This finding indicates a limited effect of the coverage 
parameter    on the graphene growth rate expression (S15b) with varying pressures. 
 
4) Evaluation of        
From the graphene growth rate (         ) Equation (S15b), the ratio between the growth rate in 
purified conditions          
 
 and growth rate in standard conditions          
  is: 
         
 
         
  
        
   
 
   
   
 
        
 
  
 
   
   
  
 , (19S) 
where the subscripts p and s are for purified and standard conditions, respectively.  
Because the     purifier decreases    impurity level by at least a factor 1000, using    
  
   
 
    
 
and     
     
  in Equation (S19) can be rewritten as:   
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  . (S20) 
Solving Equation (S20) for        gives: 
       
 
  
  
   
 
   
  
 
        
 
         
   
  
 
        
 
         
 
 
    
 . (S21) 
       can be evaluated using the following estimated parameters: 
-      (in growth conditions as shown earlier) ;" 
- 
         
 
         
    . This is deduced from literature where the growth duration for CVD from 
a methane/hydrogen mixture ranges from 5 -45 min [References in main article 
1,2,5,6,12-20]. However, 30 min growth time has been consistently reported by different 
groups in many recipes [ References in main article 1,2,3,15,16,17] and therefore, it is a 
safe assumption to be made. 
-           
 
 < 1 min (coverage time
-1
) in purified conditions with respect          
  
between 20 min and 45 min in standard condition. The lower growth time limit (1 min) 
was dictated by limitations of our experimental set up, however , we believe that this can 
be even lowered than 1 min. 
-    
           Torr; this is deduced using     gas feedstock with < 15 ppm    and 
0.5 Torr     as used in growth conditions gives    
  of           Torr residual in the 
CVD chamber; 
-    
     
   0.05 Torr. 
 
Substituting these parameters in Equation (S21) gives: 
       
         
             
    
  
  
    
 
         
             
        . 
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Because the growth time in purified conditions could not be determined precisely and we know 
that it is faster than 1 min, the value            
  is a lower bound.  
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7 CHAPTER 7: FORMATION OF MULTILAYERS 
7.1  Introduction 
 
Graphene multilayer formation on copper substrate during CVD appears to be strongly 
influenced by synthesis conditions and is in most cases inevitable. While most groups have 
concentrated their effort to control bi/multilayer density during the growth, we show in the 
present chapter that a large fraction of bi/multilayer growth can occur during the cooling stage.  
According to literature, multilayers are mainly observed at 1) higher CH4 partial pressure [28, 
45, 48-50, 76-78, 86, 87, 111-114] and 2) slow cooling rate [49, 50, 87, 112, 113]. Many studies- 
as detailed in chapter 2- have been conducted to control the shape and size of graphene domains 
and also the formation of multilayers by changing the CH4/H2 ratio and the total pressure of the 
CVD chamber [28, 45, 48-50, 76-78, 86, 87, 111-114]. Note that changing the methane 
concentration in the gas feed resulted in the same overall behavior in both LP-CVD and AP-
CVD [49]. Since the authors of these studies considered that molecular hydrogen was an etchant 
during the growth and post growth processes, they postulated that graphene growth is a balance 
between carbon deposition and hydrogen etching. When the carbon supply is low (i.e CH4/H2 
ratio), graphene nucleates and grows some initial structures but due to a limited carbon supply 
and hydrogen etching, graphene growth terminates and cannot proceed in short amount of time; 
however, at elevated methane partial pressures or at high CH4/H2 ratio, not only growth proceeds 
on the copper substrates and terminates, but multilayer graphene is also formed [28, 45, 48-50, 
76-78, 86, 87, 111-114].  
SEM images from the literature reveal that monolayer graphene is obtained following an 8 hour 
growth at low methane concentration (Figure 7-1a) while multilayer growth appears at high 
methane concentration after 30 min growth time (Figure 7-1b) [50].  
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While elevated methane concentration was expected to result in multilayer formation during the 
graphene CVD, Lee et al. [112] speculated that this behavior might be related to the depletion of 
hydrogen and most importantly slower cooling process. They reported LP-CVD growth of 
bilayer graphene films on Cu at a slower cooling rate (~ 18 °C/min) compared to previous single 
layer graphene synthesis (40-300 °C/min). Considering copper's low carbon solubility and its 
catalytic role in the graphene growth process, the cooling rate had not been expected to affect the 
quality of graphene films in terms of thickness and uniformity [112]. However, later on, others 
have mentioned that the cooling process may impact the morphology of the films [49, 50, 87, 
112, 113], but no data was reported and a clear understanding of this phenomenon is still lacking.  
In the course of our experiments, we have observed that - in highly reduced environments - the 
final graphene film morphology is strongly affected by the presence or absence of purified UHP 
methane during the cooling down stage. Our findings are reported in this chapter but before 
moving forward let's recall our observations in the previous chapters in order to establish the 
baseline. 
In chapter 5, we reported the formation of multilayers for growths carried out in highly reduced 
atmosphere where the level of oxidizing impurities were low. These results indicated that, in the 
absence of oxidizing species, graphene films cannot be etched and carbon precursors cannot be 
burnt at the Cu interface, leading to an excess amount of carbon species and further multilayer 
growth.  Our results are consistent with previous published reports [28, 45, 48-50, 76-78, 86, 87, 
111-114]. We found that multilayer growth formation was favored when both purified UHP 
Figure 7-1. Influence of CH4 concentration of graphene growth. A) Continuous single layer grown at low 
methane concentration, 30 ppm, for 8 hr, B) Multilayer growth at a higher CH4 concentration, 150 ppm, 
for 30 min. Reprinted with permission from Ref. [50],© 2011, The American Chemical Society. 
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gases were present during the cooling down process. Our investigation of graphene film 
morphology as a function of growth time described in Chapter 6 led to a surprising result: we 
observed that films grown from purified gases and cooled under purified H2 alone contained few 
bi- and multi-layers, independent of growth time up to 45 min. These puzzling observations 
motivated us to revisit our previous experiments in order to clarify the impact of the presence of 
methane during cooling down on the formation of multilayers in a highly reduced atmosphere. In 
other words, the question is: does the graphene growth continue during the cooling stage while 
the carbon source is still available? We thus compare film morphologies for different growth 
times (45, 20, and 10 min) where in one scenario the purified methane is on during cooling down 
and in the other one is off. We also briefly investigate the influence of the cooling rate on the 
formation of these multilayers.
2
 
7.2  Experimental methodology 
7.2.1 Copper Cleaning 
 
The Cu foils were chemically cleaned in 1 M acetic acid (Sigma Aldrich, Reagent Plus > 99%) at 
60 ºC followed by acetone and then 2-propanol (without drying) for 10 min in each step. The Cu 
substrates are then blown-dried with nitrogen.  
7.2.2  Graphene growth  
 
Graphene films were grown on 25-µm-thick Cu foils (Alfa Aesar, item no. 13382) at 1000 ºC in 
a 3.8-cm diameter (1.5 inch.) fused quartz tube inside a horizontal furnace (Lindberg/Blue M, 
Thermo Scientific) under low pressure conditions using purified UHP H2/ purified UHP CH4 gas 
mixture. The system is equipped with a manifold capable of ultra high vacuum (UHV) 
conditions. Prior to each growth, the system is evacuated to a vacuum of 5 x10
-6
 Torr using a 
turbo molecular pump. The copper foils are then heated to 1000 ºC and annealed at this 
                                                          
2 The data presented in this chapter was not specifically designed to explore this multilayer formation 
phenomenon. The results presented here are a collection of observations during the experimental course 
of this thesis and are therefore still preliminary. 
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temperature for 30 min under a flow of purified UHP hydrogen at 50 mTorr. Then, growth is 
carried out at 1000 °C for desired time with the reactor pressure maintained at 500 mTorr. Once 
the growth time is reached, the chamber is cooled down to room temperature in scenario number 
1: under the flow of both gases, in scenario number 2: under solely purified UHP hydrogen while 
the UHP purified methane gas valve is closed and the chamber is immediately evacuated  from it 
using a turbo pump. The approximate time for methane evacuation from the chamber is about 1  
min.  
We used purifiers that allows to decrease the residual O2 content in UHP gases to less than 
1 ppbV: (i) For H2 (Praxair, UHP, grade 5, O2 < 1ppm), DEOXO
TM
 (O2 < 1ppb), and (ii) for CH4 
(Praxair, UHP, grade 3.7, O2 < 15ppm), SAES Pure Gas Inc. MC1-950FV (H2O and 
O2 < 1ppbV) is selected.  
7.3  Results 
 
As explained above, we compare the final graphene morphologies for two different case 
scenarios during the cooling down process: a) both purified UHP methane and purified UHP 
hydrogen are present, and b) the purified UHP methane is off and evacuated from the chamber 
while purified UHP hydrogen in on. Figure 7-2 shows a schematic of the typical graphene LP-
CVD process where the targeted growth time is set to 45 min. The only difference between 
Figure 7-2a and b is the presence/absence of purified UHP methane during the cooling down 
process. Temperature profiles as well as gas sequences are presented as a function of time for the 
entire growth process starting from a pre-deposition annealing stage to the graphene growth itself 
to the final cool-down phase. 
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Figure 7-3 summarizes the complete set of experiments reported in this study. The detailed 
results are shown in the next section. 
 
 
 
 
 
 
 
 
 
 
 
Figure 7-2. Schematic of the typical CVD growth process. Broad lines depict the temperature profile. The 
fine solid lines represent the partial pressure of the specific gas present during the annealing, growth, and 
cooling stages (i.e: H2 purple and CH4 red). In a) both CH4 and H2 are present during cooling down 
process while in b) the CH4 is absent. 
Figure 7-3. Complete sets of experiments reported in this study. 
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Figure 7-4 shows the SEM images of two sets of samples. The films presented in Figures 7-4 (a-
c) are grown using purified UHP methane and hydrogen for 45 min in which both gases were on 
during the cooling down process whereas Figures 7-4(d-f) correspond to layers prepared in the 
same conditions except that the methane gas was shut off and evacuated during the cooling down 
process. The SEM images of different batches grown at different days/years (dated on the right 
hand corner of the image) and characterized by different SEMs (H for Hitachi and J for JEOL) 
show consistent and reproducible results. 
 
 
 
 
 
 
 
 
 
 
 
These SEM images reveal a clear difference in graphene film morphology in the presence 
(Figure 7-4(a-c)) and absence (Figure 7-4(d-f)) of purified UHP methane during the cooling 
down process. Multilayer growth is observed while the purified methane is on during the cool 
down while mostly monolayer graphene is formed once the purified methane is off. The same 
overall behavior has been observed in samples grown for 10 and 20 minutes. Figure 7-5 presents 
results for 20 min growths. Samples prepared with UHP methane present during cool down 
Figure 7-4. SEM images of graphene grown on Cu at 1000 °C for 45 min using purified UHP methane 
and hydrogen. (a-c) Purified methane was on during cool down process. (d-f) Purified methane was off 
and evacuated from the chamber during cool down process. The batch date as well as the SEM used 
for characterization was written on the right hand side of the image. Note that H and J stand for Hitachi  
and JEOL SEM respectively. 
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contain a significantly larger coverage of multilayer islands compared to films for which H2 
alone was on during cooling. 
 
 
 
 
 
 
 
 
 
 
 
 
 
For the 10 min growth time, we can compare not only the effect of the presence of methane 
during cool down but also the impact of the cooling rate. The measured temperature cool down 
profiles are presented in Figure 7-6 whereas SEM images from resulting films are shown in 
Figure 7-7. 
 
 
 
Figure 7-5. SEM images of graphene grown on Cu at 1000 °C for 20 min using purified UHP methane 
and hydrogen. (a-b) Purified methane was on during cool down process. (c-e) Purified methane was off 
and evacuated from the chamber during cool down process. The batch date as well as the SEM used for 
characterization was written on the right hand side of the image. Note that H and J stand for Hitachi  and 
JEOL SEM respectively. Note that b-c are images of graphene films transferred on a SiO2/Si substrate 
prior to SEM imaging. 
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Figure 7-6. Cooling down profile of our graphene CVD growth set up. 
Figure 7-7. SEM images of graphene grown on Cu at 1000 °C for 10 min using purified UHP methane 
and hydrogen. Purified methane was on during (a) slow cool down process, and b) normal cool down. (c-
e) Purified methane was off and evacuated from the chamber during cool down process. The batch date as 
well as the SEM used for characterization was written on the right hand side of the image. Note that H  
and J stand for Hitachi  and JEOL SEM respectively.  
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The SEM images reveal no significant difference between the slow and normal cooling in the 
presence of purified methane in terms of graphene film morphology although the islands seem 
slightly larger. However, once the purified methane is off the films appear to be more 
homogeneous and uniform (Figure 7-7(c-e)). Although some bilayer growth is sparsely observed 
in one of the batches but there is clearly a difference between the films cooled down in the 
presence and absence of purified methane.  
7.4  Discussion 
 
Our entire set of results indicates that higher density and larger multilayers are formed while the 
purified methane remains ON during the cooling stage, whereas uniform and monolayer 
graphene films are obtained once the purified methane is off. These bilayers and multilayers are 
formed most likely in the early stage of the cooling process (between 1000-950 °C, shaded area 
in Figure 7-6) while the furnace is still at high temperature.  
This observation is surprising since no further graphene growth is expected after a full layer is 
complete as no Cu sites are available to catalyze the CH4 decomposition reaction. Also, we can 
rule out that islands present at the end of the growth stage are etched during cool down in the 
absence of methane based on our experiments presented in Chapter 4 and 5. We thus need to 
identify a mechanism that permits localized growth during cool down. We envision that the large 
difference in thermal expansion coefficients of graphene and Cu could lead to a local 
“delamination” during cool down. Indeed, as detailed below, Cu sites could become accessible 
for growth from CH4 during cool down as the graphene layer is partially “lifted” from the Cu 
surface.  
As mentioned in Chapter 2, the large negative graphene thermal expansion coefficient (TEC) (α 
graphene=(-6x10
-6
 /K)) at room temperature compared to copper (α copper= 24x10
-6
/K) [28, 115] 
leads to huge shrinkage of Cu upon cooling. It has been well established that the most common 
stress relaxation mechanism for graphene films on Cu involves the formation of wrinkles. As the 
graphene layer shrinks less rapidly than the copper substrate upon cooling, buckles, then folds 
develop [28, 82, 115]. In the absence of methane during the cooling stage, no further growth will 
occur. If methane is present in the chamber, however, such thermally-induced buckling creates 
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gaps at the interface. Methane can therefore reach the Cu substrate by diffusing through defect in 
the graphene film and decompose to form small islands underneath the complete layer. 
Slow cooling rates or high methane pressures will favor larger multilayer coverage as described 
above and also reported in other work [82, 87, 112, 113, 115]. In our experiments, the time 
required to reach 950 °C is approximately 4-5 min and is the common point in all our 
experiments. Since the surface of Cu can be covered by graphene in approximately 1 min in 
highly reduced environment (see Chapter 6), we therefore expect to witness the growth of 
multilayers islands if the carbon source remains ON during the cooling stage. While cooling 
down, the growth speed will decrease exponentially until the temperature reaches a critical value 
where graphene is no longer formed. In a less reducing environment - due to the presence of 
oxygen - graphene growth is slower since oxygen can burn the C and etch graphene, thus a lower 
density of bilayers will be formed within the cooling time. 
7.5  Conclusion 
 
We have mainly observed the formation of multilayers in cases where both purified methane and 
hydrogen were ON during the cooling down process. Our results although preliminary, clearly 
show that multilayers can be formed during the cooling stage. This observation is in line with 
few studies reporting that fast cooling is key to achieve uniform and monolayer graphene films 
[49, 76, 112, 113]. This topic have to be investigated further to pin down the influence of cooling 
down process on graphene film morphology. Some of the required/potential/missing experiments 
are listed in Chapter 8 in the future work section. 
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8 CHAPTER 8: CONCLUSIONS, GENERAL DISCUSSION, AND 
PERSPECTIVES 
8.1  Summary of the work and principal contributions 
 
In conclusion, the present thesis has made significant contributions towards the advancement of 
the process technology and the scientific understanding of the synthesis of CVD graphene on 
copper. Our systematic study on the graphene CVD growth is the first report in literature 
claiming that molecular hydrogen does not etch graphene films on copper and that oxidizing 
impurities are responsible for this etching reaction. Our findings point toward the necessity to 
consider the influence of oxidizing species during the growth in order to achieve the essential 
understanding level for advancing graphene film processing in large scale and to reach the 
quality requirements for applications. The detailed conclusions can be summarized as follows: 
Hydrogen etching reaction: 
In chapter 4, despite the common belief in literature, we have established that molecular 
hydrogen does not etch graphene films on copper and oxidizing impurities are responsible for the 
graphene etching reaction through the catalytic role of copper. Furthermore, we show that 
different level of contaminants in the feedstock, furnace air leaks, and particularly, process gas 
purity are key parameters in controlling the graphene film morphology. These findings explain 
the presence of inconsistencies between graphene CVD growth recipes from furnace to furnace 
and among different groups since the role of oxygen in graphene CVD was not realized prior to 
our study. 
Role of hydrogen and the influential role of trace amount of oxidizing impurities: 
In Chapter 5, we have further investigated the role of hydrogen during LP-CVD growth of 
graphene films on copper and concluded that hydrogen strongly suppresses graphene etching by 
removing the oxidizing species from the furnace via reduction and therefore protecting the 
graphene films from detrimental effect of oxygen. Moreover, a detailed analysis and comparison 
of our samples grown in reducing atmosphere, where unpurified methane and purified hydrogen 
were used, with the samples grown in normal conditions, unpurified methane and hydrogen, 
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revealed that the surface coverage of bilayer domains increases by a factor of ~2 while the 
number of nucleation raises by a factor of ~ 2.5 when purified UHP hydrogen is used. These 
dissimilarities of graphene film morphologies in different growth conditions confirmed the 
influential role of trace amount oxygen in graphene CVD growth.  
Graphene films grown using purified methane revealed even greater differences, in terms of 
morphology, compare to cases mentioned above. We observed a higher density of graphene 
bilayer domains, a higher overall bilayer coverage, and most importantly several areas of 
multilayers growth (bilayers, trilayers, etc.) when solely purified methane was used. The 
formation of multilayers in highly reduced atmosphere indicated that in the absence of oxidizing 
species, graphene films cannot be etched and carbon precursors cannot be burnt at the Cu 
interface, leading to an excess amount of carbon species and further multilayer growth. Films 
grown with purified gases exhibited higher bilayer and multilayer coverage. In some cases, these 
multilayers are found to be incommensurate with one another, i.e with random rotational angles 
between them. This suggested a different graphene growth behavior in purified and controlled 
conditions.  
Is hydrogen necessarily required for graphene growth?  
In conditions where the level of oxidizing impurities is low, we have grown uniform and 
continuous graphene films on copper with solely purified methane serving a double role as a 
copper oxide reducer and carbon supply for the growth. This result showed that the presence of 
hydrogen is not necessary for graphene growth in a controlled atmosphere. However, the 
formation of multilayers and different stacking order of graphene multilayers in such conditions 
indicated different graphene films growth behavior. 
Graphene growth industrial implementation: 
One of the main questions that we asked ourselves from the beginning of this thesis was: Why 
does it take so long (10-45 min) for one atomic layer of carbon to form on copper? At this point, 
the presence of oxygen could be a growth retardant because of the possible competition between 
carbon growth and oxygen etching during growth and cooling down of graphene films in LP-
CVD reactor. This antagonistic effect was hypothesized as the main cause that makes the overall 
synthesis process long. 
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Taking an engineering approach and based on the insights we gained from our previous studies, 
we have minimized the level of oxidizing impurities by installing purifiers on our as-received gas 
bottles, and we show that in the absence of such impurities, etching is minimized and thus copper 
is covered by graphene film in approximately 1 min. This is between 5 to 45 times faster than the 
recipes used up to this date. The films are uniform and their quality is comparable to the best 
quality graphene reported in the literature. The method is compatible with industrial 
manufacturing processes and is shown to be an energy and cost effective way to synthesize 
graphene films on copper.  
Formation of multilayers 
During the course of our experiments, we observed multilayer growth in highly reduced 
atmosphere and when both gases -purified methane and purified hydrogen- were ON during the 
cooling down stage. We believe that a large contribution of bi/multilayer can occur while 
graphene is completed in the cooling stage. Although our results are still preliminary, they 
highlight the impact of the cooling stage on graphene bi/multi layer formation. A better 
understanding of how these bi/multilayer do form during cooling stage will be extremely 
beneficial in developing recipes for not only bilayer growth but also for improving the growth of 
single-layer graphene that is free of bilayers. 
8.2  Perspectives for future work 
 
Graphene CVD on copper turns out to be a best viable approach for production of graphene films 
on large scale. The scientific understanding of the graphene growth on copper is critical for the 
future graphene industry. While meter-scale graphene growth has been demonstrated 
experimentally, a good fundamental understanding of the graphene growth is crucial to the 
quality optimization and the cost reduction in the future graphene manufacturing industry. In 
particular the understanding of the growth kinetics for different pressure and flow regimes is yet 
to be developed. Compared to first layer growth, the secondary layer kinetics and mechanisms 
are even less known. Therefore, fundamental studies are becoming a popular trend among the 
research community. In the following, we discuss the numerous avenues and possibilities for 
research in this field based on the studies that we have conducted during these years.  
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Fundamental studies and bilayer graphene 
The immediate continuation of this thesis, as mentioned in Chapter 7, is investigation of 
graphene film growth during cooling. It is noteworthy to mention that graphene’s zero bandgap 
makes it unsuitable for devices with channels and incompatible in logic applications since it 
cannot be switched off [4, 116-118]. However, studies have shown that a controllable bandgap 
can be generated by applying an electric field perpendicular to bilayer graphene. Recognizing a 
bandgap is an avenue for utilizing bilayer graphene in digital electronics [117, 118]. Thus, 
understanding the growth behavior of bi/multi layer graphene during CVD will not only help us 
to improve the growth of single layer graphene film that is free of bi/multi layers but also open 
new possibilities for utilizing this material in electronics.  
Although few studies have reported the CVD growth of bilayer graphene at the wafer scale [77, 
112], developing conditions for uniform and reproducible synthesis continue to be challenging. 
According to our results in Chapter 7, we can deduce that controlling the graphene cooling rate 
and methane partial pressure during the cooling down stage can greatly impact the formation of 
bi/multi layer graphene films. Tuning these parameters can lead us to fabricate large area of 
bilayer graphene film using CVD. The main question is: How can one control the growth of 
bilayer by cooling?  Some of the experiments that need to be undertaken in order to complete our 
study in Chapter 7 are: 
1)  Repeating the 20 and 10 min growth experiments with and without purified methane 
during cooling down stage and performing a statistical analysis of the data. Additional growth 
experiments for 5 and 30 min will also provide more interesting data giving a more general view 
of the whole spectrum of the graphene film morphology. 
2)  Repeating Graphene slow cooling experiments and reproducing the data will be helpful to 
determine the range of temperature where graphene growth still continues.  
3)  Increasing the methane partial pressure during the cooling down stage will also give us 
insight about the formation of multilayers. We expect larger bi/ multilayers and therefore higher 
coverage across the copper foil since a higher amount of carbon precursor will be available with 
increasing the methane partial pressure.  
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Finally, compiling the results of experiments mentioned above and a careful analysis of the data 
will clarify the influence of the cooling stage on the formation of multilayers. The information 
will ultimately pave the way towards developing recipes for the formation of bi and multilayer 
graphene in a controllable manner and subsequently using the films in practical applications. 
I strongly believe that going deeper into the subject and running more experiments designed to 
explore this particular phenomena will open up avenues to control and manipulate the growth of 
these bi/multi layers. 
Scaling-up Schemes 
The next fairly simple project is to design an automated set up and devise a method of making 
the material in large volume without degrading its quality. Based on our results, graphene can be 
grown in highly reduced atmosphere- purified methane and purified hydrogen- where the cooling 
rate is extremely fast or the sample can be taken out from the chamber once the growth is 
complete. With this method/set up, we can improve graphene production process by reducing the 
entire process time and hence save energy. This method will be a test-bed for graphene growth 
for its scale up from lab scale manufacturing to roll to roll production units. 
How to grow graphene single crystal? 
One of the most exciting and challenging subject will be to add impurities intentionally -with 
control- during graphene CVD growth in order to etch the defects and let the carbon to nucleate 
at desired locations. This will ultimately create graphene single crystal. We have done some 
preliminary investigations in this area. We used carbon dioxide as the impurity to etch graphene 
films. According to Boudouard reaction [119], Heat 2(g)(s))g( COC2CO , graphene can be 
etched using carbon dioxide at high temperature through an endothermic reaction. Some 
preliminary results of this investigation is listed in the appendix. I believe this is another avenue 
to grow graphene films in a controllable manner and ultimately make continuous single crystal 
graphene film. 
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ANNEX 
Here we show the preliminary results of the graphene etching reaction on copper using carbon 
dioxide. According to Boudouard reaction, Heat 2(g)(s))g( COC2CO , graphene can be 
etched using carbon dioxide at high temperature through an endothermic reaction. 
Methodology 
Graphene growth 
 raphene films were grown on 25 μm thick Cu foils (Alfa Aesar, item no. 133 2) at 1000 °C in 
a 1.5 inch. fused quartz tube at low pressure. The system consists of a manifold capable of UHV 
conditions where the gases are introduced into the chamber. The system’s base pressure prior to 
gas insertion is below 5x10
-6
 Torr. The Cu foils were heated to 1000 °C and annealed at this 
temperature for 30 min under the flow of H2 at 50 mTorr. In order to grow graphene, CH4 was 
introduced into the chamber and the total pressure reached 500 mTorr. After 45 min (growth 
time), the chamber was cooled down to room temperature under the flow of H2 and CH4.
 
Graphene samples were examined under SEM (Hitachi S-4700) prior to any treatment.  
CO2 purifier 
We used a SAES Pure Gas Inc. MC1- 804FV (H2O and O2 < 1ppbV) for CO2 (Praxair, 
Anaerobic, grade 4, 99.99% purity).  
Annealing experiments: 
All the annealing experiments were conducted in the same CVD system. We used a three zone 
furnace where we could target different temperature at different zones. We calibrated the furnace 
in order to have a precise idea of the temperature at each position. Once we characterized the as- 
grown graphene samples with SEM, we placed them into the designated position in the furnace. 
Next we vacuum the chamber below 5x10
-6
 Torr. Once the desired temperature was reached, we 
exposed the sample to a flow of purified CO2 for 25 min at 40 mTorr . Then, we evacuated the 
chamber from the CO2 using a turbo pump. We cooled down the samples to room temperature in 
vacuum. 
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Furnace position 
The temperature at which each sample is held at different positions of the furnace is shown in 
Figure A-1 and A-2 for the three different runs. The arrows show the direction of the flow into 
the furnace and S is the abbreviation for the samples. 
Run #1: 
 
 
 
 
Run #2 and # 3: 
 
 
 
 
Results 
Run#1: 
We have selected five samples and we have placed them at five different positions in our CVD 
furnace. The samples S1 and S5 were heated to 700 °C, while S2 and S4 were at 850 °C and S5 
at 900 °C (Figure A-1). Based on Boudouard inverse reaction [119], the reaction temperature at 
which CO2 starts etching graphene is above 800 °C, however, at temperature higher than 400 °C 
[90], oxygen can etch graphene films. In order to verify that oxygen play no role in this 
experiment- no air leaks into the furnace and the CO2 purifier is working - and CO2 is the sole 
reactant, we have placed two samples S1 and S5 at 700 °C. These samples should remain intact 
after CO2 exposure. Note that prior to any treatment, we have characterized the as-grown film 
Figure A-0-1. The temperature of different part of the furnace. S is the abbreviation for sample and the 
arrows show the CO2 flow direction. 
Figure A-0-2. The temperature of different part of the furnace. S is the abbreviation for sample and the 
arrows show the CO2 flow direction. 
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with SEM. As shown in Figure A-3 top row, the film is continuous with many bilayers. The 
bottom row of Figure 3 shows the SEM pictures of the samples after CO2 exposure. As expected, 
S1 and S5 remained intact after being exposed to CO2. This means that the level of oxygen in the 
chamber is very low and thus oxygen is not responsible for graphene etching reaction. Samples 
S2 and S4 which were held at 850 °C are etched in some areas whereas the sample held at 900 
°C is mostly etched and mainly the bilayers remained on the copper surface.  
 
 
Figure A-0-3. Top row: SEM images of as-grown graphene film on copper prior to any treatment. Bottom 
row: SEM images of the samples exposed to a flow of purified CO2  at 40 mTorr while being held at 
different temperature at different position in the furnace (refer to figure 1). S1 and S5 were at 700 °C, 
while S2 and S4 at 850 °C , and S3 at 900 °C. The scale bar is 10um. 
 
Run#2 and #3: 
In order to investigate further the CO2 graphene etching reaction, more samples were placed in 
the furnace at higher temperature at once. The goal of these experiments was to explore the 
behavior and etching mechanism of graphene films. For instance, what is the ultimate 
temperature at which graphene can be etched in a controllable manner? or where does the 
etching start?  
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In these experiments, we used 7 samples which were placed at different positions in the furnace 
holding different temperatures (refer to Figure A-2). S1 and S7 were held at 825 °C, S2 and S6 at 
850 °C, S3 and S5 at 900 °C, while S4 was at 950 °C.  
Figure A-4 and Figure A-6 show the SEM images of graphene films used in Run #2 and Run #3 
respectively. The top row shows the images of as-grown graphene samples prior to any CO2 
annealing treatment. The films are continuous with bilayers. The bottom row is the results' 
images after the CO2 exposure.  
Run# 2: 
 
 
 
 
 
 
 
 
 
As seen in the images of the bottom row of Figure A-4 and Figure A-5, graphene samples 
(S2,S3,S4, and S5) are mostly etched with the bilayers remaining on the copper surface. 
Whereas, in S1 and S6 etching is just started and S7 stayed intact. Note that Figure A-5 is a 
zoom in image of SEM pictures shown in the bottom row of Figure A- 4. 
 
 
 
Figure A-0-4. Run #2: top row: SEM images of as-grown graphene film on copper prior to any treatment. 
Bottom row: SEM images of the samples exposed to a flow of purified CO2  at 40 mTorr while being held 
at different temperature at different position in the furnace (refer to Figure A-2). S1 and S7 were at 825 
°C, S2 and S6 at 850 °C , S3 and S5 at 900 °C, and S4 at 950 °C. The scale bar is 10um. 
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Run #3:  
 
 
 
 
 
 
 
Figure A-0-5. Run #2 : zoom in SEM images of the samples exposed to a flow of purified CO2  at 40 
mTorr  shown in the bottom row of Figure A- 4. The scale bar is 5um.  
 
Figure A-0-6. Run #3: top row: SEM images of as-grown graphene film on copper prior to any treatment. 
Bottom row: SEM images of the samples exposed to a flow of purified CO2  at 40 mTorr while being held 
at different temperature at different position in the furnace (refer to Figure A-2). S1 and S7 were at 825 
°C, S2 and S6 at 850 °C, S3 and S5 at 900 °C, and S4 at 950 °C. The scale bar is 10um. 
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As seen in the images of the bottom row of Figure A-6 and Figure A-7, graphene samples (S4, 
and S5) are mostly etched with the bilayers remaining on the copper surface. Whereas, in S1, S2, 
and S6 etching is just started, S3 is partially etched and S7 stayed intact. Note that Figure A-7 is 
a duplicate image of SEM pictures shown in the bottom row of Figure A-6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We have further characterized our samples with scanning auger microscopy (SAM), mainly to 
investigate the composition of the "white beads" or "white spots" on the samples exposed to 
purified CO2 and also confirm the contrast where bright areas in the SEM images indicate the 
absence of graphene while dark areas affirm its presence. 
Figure A-0-7. Run #3 : duplicate SEM images of the samples exposed to a flow of purified CO2  at 40 
mTorr  shown in the bottom row of Figure A-6. The scale bar is 10um.  
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We have chosen S2 and S5 from run#2 and S4 from run #4 for Auger characterization. Figure A-
8, 9, and 10 shows SEM images and chemical composition table of the sample 2, 5, and 4 
respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-0-8. SEM images of the sample (S2, Run #2) exposed to a flow of purified CO2  at 40 mTorr at 
850 °C. a) a broad view of the sample morphology, and b) zoom in image of (a). Table shows the 
chemical composition of the region of interest (i.e dark regions and bright regions).  
 
Figure A-0-9. SEM images of the sample (S5, Run #2) exposed to a flow of purified CO2  at 40 mTorr at 
900 °C. a) a broad view of the sample morphology, and b) zoom in image of (a). Table shows the 
chemical composition of the region of interest (i.e dark regions, bright regions, and white spots).  
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Based on the Auger measurements, we can deduce that 1) the white beads are mainly composed 
on copper and oxygen (copper oxide), 2) the white regions in the SEM images are copper and 
and copper oxide and no graphene remained in those areas, and 3) the dark regions contain 
carbon, copper and oxygen which is indicative of the presence of graphene in these regions. 
Conclusion and Perspective 
We have shown that purified CO2 can etch graphene films in a fairly controllable manner. Thus 
it can be used during the graphene CVD growth in order to etch defective graphene and compete 
with methane as the growth agent. The ultimate goal is to tune these growth and etching 
reactions in a way that single crystal graphene can be grown. Due to our set up limitation, precise 
control of temperature at different positions in the furnace and CO2 flow rate from one run to the 
other was not possible. We believe these are the reasons for inconsistencies in our results in Run 
#2 and #3. Furthermore, in order to approach this etching reaction mechanism piece by piece, 
design of a systematic experimental plan is necessarily required. 
Figure A-0-10. SEM images of the sample (S4, Run #3) exposed to a flow of purified CO2  at 40 mTorr at 
950 °C. a) a broad view of the sample morphology, and b) zoom in image of (a). Table shows the 
chemical composition of the region of interest (i.e dark regions, bright regions, and white spots).  
